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This thesis examines the extent to which geomorphological change in sub-arctic
landscapes may be driven by rapid declines in population over timescales of
decades to centuries. Demographic decline driven by disease in pastoral agri-
cultural systems is expected to alter patterns of land use. Using a chronology
with 20 visible dated tephra layers from AD 870 to present, 2625 tephra lay-
ers were identified in 200 sediment profiles. Rates of sediment accumulation
dated by tephra provide a record of erosion in Skaftártunga, South Iceland. The
scale of enquiry is that of individual landholdings (5–10 km2) over decades to
centuries; in order to tackle questions of resilience and change within coupled
socio-ecological systems larger and smaller spatial scales (regions of 400 km2 and
individual sediment profiles) and longer and shorter temporal scales (2.6 ka and
years to decades) are also considered. The novel application of photogrammetric
techniques to recording stratigraphic sections increases the frequency of measure-
ment from tens to hundreds per stratigraphic unit and the resolution from ±2.5
mm to ±1 mm. This technique improves the accuracy of representative measures
of sediment accumulation and their use in measuring landscape change. Two
little known 15th century AD Grímsvötn tephras are mapped and dated to AD
1432±5 and AD 1457± 5 using sediment accumulation rates. A period of land-
scape stability from AD 1389–1597 is consistent with reduced grazing pressure
due to population declines of more than 30% after plague in AD 1402–1404 and
AD 1494. Climatic deterioration from AD 1450-1500 does not increase erosion
as much as expected; this may be due to decreased grazing pressure after popu-
lation decline in the 15th century. Increased erosion from AD 935–1262 is related
to woodland clearance and increases in sediment accumulation post AD 1625 are
related to climatic cooling during the Little Ice age and the migration of erosion
fronts into deep lowland sediments.
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Terms are used in this thesis as follows. Tephra layers are referred to by a letter
denoting their volcanic origin, followed by the calendar year (AD) of the eruption;
for instance H 1104 is tephra from the eruption of Hekla in AD 1104. The volcanic
systems are H : Hekla, K : Katla, V : Veiðivötn, G : Grímsvötn, Ö : Öræfjajökull,
E : Eldgjá, L : Laki.
The following abbreviations and terms are used in the text.
EMPA Electron microprobe analysis
Landnám The settlement of Iceland by the Norse in AD ∼870, can also refer
to the Landnám tephra, which is from an eruption at approximately the
same time as settlement
LIA The Little Ice Age
MWP The Medieval Warm period
rofabard An erosion escarpment, which is common in Iceland
SeAR Sediment accumulation rates
SILK Silicic Katla tephra, after Larsen et al., 2001.
SST Sea surface temperatures
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1.1 Overall aim of the project
The overall aim of this project is to investigate the effects of depopulation on
landscape stability in pastoral farming economies and enhance our
understanding of the environmental consequences of periods of sudden
population reduction after disease, famine or volcanic events. This is important
because human populations have both waxed and waned through time, and we
need to know what happens to the environment both when population increases
(the subject of many studies), and when populations decline.
Human and environmental systems are interlinked and cannot be considered
in isolation, therefore effective approaches consider coupled socio-ecological
systems (Crumley, 1994). The overall approach to this research is grounded in
geography, meaning the processes of the earth and human society, spatial
patterns of change and the relationship between humans and their physical
surroundings (Cutter et al., 2002). The work is informed by resilience thinking
(Gunderson & Holling, 2002; Walker et al., 2004) and tephrochronology is
applied to a case study. A key motivation for this research is the idea that the
past is a valuable source of ‘completed’ experiments in how integrated
human-environmental systems have responded to both natural and social
changes. This deep time understanding provides essential understanding for
sustainability science and responses to contemporary challenges posed by global
change (Kates et al., 2001; Costanza et al., 2007a).
Pastoral societies are found in all regions of the world from the tropics to
the arctic. The implications of declining population in pastoralist societies may
differ substantially from those supported by arable agriculture because here the
environmental impacts of cultivation are closely linked to continued human
activities. Domestic livestock can have a continued (and even increasing)
1
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impact without continued human involvement. As a result population decline in
pastoral systems may have a range of different effects from; no change in impact
to the environment to increased impact to the environment or a reduced impact
on the environment. It is not immediately obvious which outcome is most likely
and so that is the focus for this research.
1.2 Population decline and environmental change
Population decline and ‘collapse’ is usually approached from the perspective of
unsustainable human exploitation of a fragile environment (e.g. Diamond,
2005), but relatively little attention has been paid to what happens to the
environment when population declines independently through disease. Over the
past 2000 years large areas of the world have experienced significant population
decline after pandemics of bubonic plague, smallpox, measles and influenza.
These large, sudden population declines are of interest because environmental
responses to demographic change may be non-linear and a lower population
may not necessarily mean a reduced environmental impact. Episodes of disease
which reduce population create change which is effectively instantaneous over
large areas when considered over century timescales, thus providing a ‘natural
experiment’ (Diamond & Robinson, 2010) for the environmental impact of
population decline.
Pandemics can have global environmental consequences. Settlement in the
15th century by Europeans brought influenza, measles and smallpox to the
Americas, killing ∼95% of the native population who had no natural immunity
(Denevan, 1992). This reduced a pre-contact population of ∼60 million to less
than 10 million (Denevan, 1992; Dull et al., 2010) — the most rapid and
widespread population decline in the late Holocene (Lovell, 1992). Cultivated
clearings in forests were abandoned and there may have been ∼5 million km2 of
forest regeneration (Nevle & Bird, 2008). Charcoal records also show declines in
biomass burning (Nevle & Bird, 2008), although this can also be explained by
climatic change (Marlon et al., 2008). It is debated whether the resultant
afforestation and carbon sequestration contributes to a ∼5 ppm decline in
global CO2 levels observed in Antarctic ice cores from AD 1500–1750 (e.g.
Ruddiman, 2003; Nevle & Bird, 2008; Dull et al., 2010). The land cover change
impact of post-Colombian epidemics in the Americas therefore provides a key
test on the early Anthropocene hypothesis, which argues that the anthropogenic
impact on the climate was significant before the Industrial revolution
(Ruddiman, 2003; 2005). It is therefore important that we improve the
understanding of how landscapes react to demographic collapse, and how it
CHAPTER 1. INTRODUCTION 3
appears in environmental records.
The medieval pandemic of AD 1347–1352 (‘the Black Death’) probably
killed 30–50% of Europe’s population (Platt, 1996; Benedictow, 2004) and
repeated pandemics and demographic stagnation meant population levels did
not recover in many areas for over 150 years (Hatcher, 1977; Wrigley &
Schofield, 1981). Its impact on economic and social systems was profound, and
in contrast to post-Colombian epidemics in the Americas, well documented
(Platt, 1996; Bolton, 1996). Proxy records of vegetation (pollen) show increases
in woodland cover and a decline in arable farming across most of Europe, with
large spatial variation (Yeloff & van Geel, 2007). Estimates of forest
regeneration of 25–45%, based on an inferred biospheric carbon sequestration
caused by afforsetation reducing global CO2 levels (e.g. Ruddiman 2003), would
appear to be too high, as continued browsing by livestock of tree species such as
Betula spp. limited the potential for forest re-growth (Yeloff & van Geel, 2007).
Probably the biggest environmental change was caused by the switch from
intensive to extensive agriculture, as shown by changing ratios of arable to
pasture land (Poos, 1991).
The focus of most research into ‘landscapes of depopulation’ has been in
tropical or temperate areas where arable farming is practised and there is
extensive forest cover. This study extends the scope of this research to pastoral
societies in sub-arctic areas marginal for agriculture. These are areas where the
natural forest cover is low, and unlikely to respond quickly to reductions in
grazing pressure. The environmental impact of population decline has been
examined using palynological records (Yeloff & van Geel, 2007) and charcoal
records (Nevle & Bird, 2008): a geomorphological approach provides a spatially
distributed record of change and may provide new insights.
1.3 Research approach
This research is informed by hypothesis which are tested through a case study
approach. The following requirement’s were used to determine the appropriate
case study, which had to have the following attributes:
• A written record of discrete episodes of plague
• A well understood pastoral system
• An accumulated record of change across large proportions of the landscape
• Good chronological control which is precise to years-decades and spatially
ubiquitous
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Based on these criteria the best place in the world to tackle this problem is
Skaftártunga, south Iceland.
1.3.1 Iceland
Iceland was settled very rapidly by the Norse in AD ∼870 (Landnám). Much of
its history is recorded in contemporaneous written records and there is a clearly
defined pre-settlement period allowing the creation of long-term reconstructions
of natural changes. The farming system during the medieval period was almost
exclusively based on pastoralism, with limited arable cultivation practised in the
south (mainly for beer production), and limited development of fishing until the
17th century (Adalsteinsson, 1990; Karlsson, 2000). Iceland’s comparative
isolation means that episodes of plague only occur twice, in AD 1402–1404 and
AD 1494, each killing around 30–40% of the population (Karlsson, 1996).
Iceland’s location on the mid-Atlantic ridge means it is subject to frequent
volcanic activity, and on average there is a volcanic eruption every 5 years
(Figure 1.1, Larsen & Eiríksson, 2008b). The volcanic ash (tephra) from these
eruptions can be identified, correlated and dated (Section 1.3.5), which provides
excellent chronological control for episodes of landscape change (Dugmore et al.,
2009).
Iceland’s landscape has been extensively modified by human activity since
settlement in AD ∼870. Of significant environmental impact has been the
introduction of grazing livestock who have created extensive areas of soil
erosion. Total vegetation cover has been estimated to decline from 54%
(Ólafsdóttir et al., 2001) prior to Landnám to the current 28% (LMI, 1993).
The main driver of erosion in this period is probably grazing by sheep and goats
(and to a lesser extent pigs, cattle and horses) compounded by climate
deterioration. Changes, either in the intensity of grazing or its spatial patterns,
may be inferred from patterns of sediment accumulation (e.g. Dugmore &
Buckland 1991; Simpson et al. 2001; 2004; Dugmore et al. 2009). These records
of sediment accumulation are sensitive to changes over both local (<250 m) and
regional (> 1 km) scales, so can be used to reconstruct spatial patterns of
landscape change (Dugmore & Erskine, 1994). Iceland could therefore be
considered a ‘model system’ (sensu Kirch 2007) for analysing the environmental
impact of depopulation on a pastoral agricultural system.
1.3.2 The past as a ‘natural experiment’
In effect, environmental records provide the results of past ‘experiments’ on
natural systems (Diamond & Robinson, 2010). Plague can be considered an



































































Figure 1.1: Map of Iceland indicating the main volcanic zones and the most
active central volcanoes. Eruptions from these frequently deposit tephra across
the landscape. Volcanic zones from Larsen & Eiríksson, 2008b.
homogeneous perturbation as its impact on human populations is similar across
societies, therefore differences in its impact are due to differences in the
environments and societies it affects. In order to be able to use these
‘completed’ experiments, paleo-environmental records are needed. In order for
paleo-environmental records to provide context to current global change and
provide insights into coupled socio-natural systems, they need to be of high
resolution, be able to provide socially relevant proxies and the records need to
be integrated with archaeological and historical records (Oldfield & Alverson,
2003; Caseldine & Turney, 2010).
Deterministic approaches can be used to simplistically correlate past social
change with past environmental change (e.g. Patterson et al., 2010), however
better insights come from considering human societies as responding in complex
and unpredictable ways to environmental change, and as part of integrated
socio-ecological systems (Crumley, 1994; Coombes & Barber, 2005; O’Sullivan,
2008; Caseldine & Turney, 2010). This is the basis for the evolving
human-ecodynamic interdisciplinary approach which is used in this study
(Costanza et al., 2007b).
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1.3.3 Scale of research
The focus of this research covers multiple spatial and temporal scales. The main
scale is change over decades to centuries following episodes of population decline
in AD 1402 and AD 1494, and over a spatial scale of 5–10 km2, approximately
the size of individual landholdings (Figure 1.2). However in order to provide
context, larger and smaller temporal and spatial scales are also investigated
(Figure 1.2). At it widest scope this study investigates changes in sediment flux
over the past 2.6 ka over an area of ∼400 km2, and at its smallest scope; yearly
changes in sediment accumulation over individual slopes and erosion features
(areas of ∼0.2 km2, based on local sediment sources originating from within a
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Figure 1.2: Multiple scales of research underpin this study. The main focus
is on temporal scales of decades-centuries and spatial scale of landholdings
(5–10 km2), but scales larger and smaller spatial and temporal scales are also
considered.
1.3.4 The geomorphic record
The geomorphic record available in Skaftártunga allows for the investigation of
this case study because:
• there are high rates of sediment accumulation, in the order of 0.3–0.5 mm
yr−1 in south Iceland. This means relatively small changes in sediment
accumulation are easily measured.
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• Soil erosion proceeds through loss of area which means that the record is
spatially heterogenous and there is a mosaic of both eroding spots where
the record is lost located near areas where a record of erosion is created
through sediment accumulation.
• Within soil sections two components can be distinguished, aeolian (from
the wider area) and non-aeolian sediments (principally derived from
upslope of the profile).
1.3.5 Tephrochronology
Tephrochronology is the use of layers of volcanic ash (tephra) as age-equivalent
marker horizons, and was pioneered in Iceland by Sigurður Þórarinsson (1944,
1958, 1967). It has worldwide application in dating palaeo-environmental
records (Lowe, 2011). Tephra layers can be identified by both their macro scale
features and their geochemical composition, which allows them to be correlated
in both terrestrial and marine sediments, lakes and ice cores.
A key advantage of tephrochronology is the correlation of layers with
historic volcanic events, which allows precise (to the year, month or day) dating
control. Older tephra may be aged through radiocarbon dating of associated
organic material (Dugmore et al., 1995a; Larsen et al., 1999; Church et al.,
2007), the constriction of age-depth models in sediment sequences (Óladóttir
et al., 2005) and by correlation to ice core records (Gronvöld et al., 1995;
Vinther et al., 2006). Where background sediment accumulation rates are high,
multiple tephra that are chronologically close may be preserved in sediments.
This spatial and precise record allows for a wide range of applications to
problems in geology, geomorphology, archaeology and palaeo-enviromental
research in general.
The correlation of multiple tephra across a landscape can be used to
reconstruct spatial patterns of environmental change. In Iceland this has been
applied to reconstructions of glacial extent (Dugmore, 1987; Casely & Dugmore,
2004; Bradwell et al., 2006; Kirkbride & Dugmore, 2006; 2008), the impact of
jökulhlaups (Smith & Dugmore, 2006; Dugmore et al., 2000) and the
investigation of landscape change since Landnám (Dugmore & Buckland, 1991;
Dugmore & Erskine, 1994; Dugmore et al., 2009). Tephra has also been used in
Iceland to date pollen cores (Lawson et al., 2007; Erlendsson et al., 2009) and
archaeological sites (McGovern et al., 2007). It offers both the chronological
precision and the ability to define spatial patterns of change that are required to
address questions of resilience in human-environment systems. Rates of
sediment accumulation have been related to rates of erosion (Thórarinsson,
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Figure 1.3: Stratigraphic section illustrating tephra layers in an aeolian sedi-
ment sequence. Tephra layers vary in colour and texture, allowing field identifi-
cation. Correlation with historical records of eruptions allows for precise dating.
Information about past environmental change is contained both in the sedi-
ment between tephra and in the morphology of the tephra itself (Dugmore &
Buckland, 1991; Dugmore et al., 2009).
1961; Dugmore & Buckland, 1991; Dugmore et al., 2009). This makes it possible
to see trends in landscape change through time, at a greater resolution than
where sediments need to be radiocarbon dated. Once a chronology is well known
tephras can be field identified which means that dating of sections can be more
accurate, faster and cheaper than radiocarbon dating of sediments. As many
records can be collected, detailed spatial patterns of change to be examined.
Skaftártunga’s (Figure 1.1) proximity to Iceland’s four most active volcanic
systems, Grimsvötn, Katla, Hekla, and Veiðivötn-Bárðarbunga, (Larsen &
Eiríksson, 2008b), means that 20 post-Landnám tephras occur in sediments here
(Larsen, 2000; Óladóttir et al., 2005). High background sediment accumulation
rates (on average 0.55 mm yr−1 post-Landnám) ensure that tephras can be
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readily distinguished within the stratigraphy. These tephras provide a high
resolution of chronological control, as of the 20 tephra layers observed in the
stratigraphy over the past 1200 years 15 are dated to the year (Thórarinsson,
1958; 1967; 1975; Einarsson et al., 1980; Larsen, 1984; 2000).
1.3.6 Improved measurement of sedimentary sequences
In order to enhance current methodologies for recording and understanding past
landscape change in Iceland higher resolution records of thickness are required.
Current measurements of thickness in sedimentary sequences are based on single
or fewer than ten manual measurements, which may have a precision of ±1 mm
(e.g. Óladóttir et al. 2011b), however mm-cm scale variations in the thickness of
both tephra and aeolian sediment means that the accuracy of mean measures of
thickness based on small numbers of measurements is probably lower, around
±2.5 mm. This has been sufficient for tackling fundamental issues of
tephrochronology such as the source of a tephra, its dispersal patterns, volume
estimates and its visible extent. Within sequences where the chronology is
already established however higher resolutions may be able to resolve more
detailed changes over smaller spatial and temporal scales. The use of
photogrammetric techniques to measure 3-D surfaces in geomorphology
(Chandler, 1999), and the improved accuracy of commercially available cameras
(Chandler et al., 2005; Wackrow et al., 2007; Rieke-Zapp et al., 2009) means
that photogrammetric measurement techniques can be considered for field
measurements of tephra stratigraphies.
This thesis applies photogrammetric techniques to the problem of recording
large numbers of measurements within a stratigraphic section. The novel
application of this technique to the field recording of stratigraphic sections
increases not only the precision of measurements to ±1 mm, but also increases
the number of measurements possible, which improves estimates of mean
sediment and tephra depth. This increases the utility of tephrochronology as a
dating tool to to tackle wider questions (e.g. McGovern et al. 2007).
1.4 Key questions to be addressed
This thesis assess the geomorphic impact of 15th century plagues in Iceland.
Two overall research objectives drive the research:
(a) to enhance methodologies for assessing the rates of landscape change at
annual to decadal resolutions over century timescales using
tephrochronology
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(b) to assess landscape change in Skaftártunga, south Iceland, over two periods
of population contraction in the 15th century in the context of landscape
change through the settlement period (after AD 870) and the late Holocene
(2.6 ka).
In order to achieve the research objective (b) the following questions and
associated hypotheses are tested.
(1) What are the geomorphic consequences of population decline in pastoral
farming systems? Four hypothesis are proposed:
(i) There is a decline in landscape impact because reductions in population
are related to commensurate reductions in livestock
(ii) There is no change in landscape impact because livestock are not
directly affected by plague grazing continues as before
(iii) There is an increase in landscape impact because reduced labour means
less fodder collection and more winter grazing; or there is a switch
from more labour demanding livestock (cows) to less labour demanding
but more environmentally damaging livestock (sheep/goats); or there
are feral sheep which graze unmanaged.
(iv) There is a change in spatial patterns of landscape impact (i.e. a
combination of the above)
(2) Do plague driven modifications of geomorphology have subsequent effects
on landscape resilience in the face of climate change? The hypothesis are:
(i) It does not change resilience
(ii) It changes resilience, by either:
(a) Increasing landscape resilience to climatic change
(b) Decreasing landscape resilience to climate change
(3) At what scales are patterns of landscape change related to population
decline visible? Three hypothesis are tested:
(i) visible only at the scale of the region (∼400 km2)
(ii) visible only at the scale of landholdings (5–10 km2)
(iii) visible only at the scale of slopes (< 1km2)
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1.5 Outline of thesis
This chapter has provided a broad overview of the topic, and introduced key
terms and concepts. The rest of the thesis is organised along the following
structure.
Chapter 2 expands on the theoretical framework on which this study is
based, examing Malthusianism, methodological problems in linking change
in environmental records to changes in human societies, and the concepts
of thresholds and resilience.
Chapter 3 provides background context to plague driven population change in
Europe and Iceland, summarises relevant aspects of climate change in the
North Atlantic for the period AD 500–2000 and gives an overview of
existing models and physical processes of land degradation.
Chapter 4 summarises the methodologies used to gather environmental data.
These are: field mapping of tephra, geochemical analysis of tephra
samples and the procedures used to measure sedimentary sequences. It
presents a new photogrammetric method for recording soil sections to ±1
mm precision.
Chapter 5 presents the data. Firstly an improved tephrochronology for
Skaftártunga. The chronology includes mapping, geochemical analysis and
age estimates based on sediment accumulation rates for two Grímsvötn
tephras in the 15th century. This is followed by identifying key
geomorphological features, summarising profiles and the presentation of
200 stratigraphic sections with 2625 identified tephra.
Chapter 6 uses measured rates of sediment accumulation to synthesise
existing models of landscape change over the settlement period and adds a
new model based on the impact of the plague in the 15th century, in the
context of rapid climatic decline. It then assesses landscape change over
the 15th century at multiple scales.
Chapter 7 provides an overall synthesis and conclusions, and




This chapter examines existing approaches to the environmental effects of
population change and the concepts of thresholds and resilience. In order to
evaluate the impact of human actions on the environment there are
methodological issues in linking short duration events in human populations to
paelao-environmental records which do not directly record the event. In addition
this chapter examines the geomorphological concepts relevant to natural
systems, and how systems may exhibit a range of different responses to change.
2.2 Population and the environment
This section describes applications of Malthusian ideas to pre-industrial
societies, criticisms of Malthusian approaches, and considers how Malthusian
ideas contribute to understanding environmental change as a result of externally
driven population declines.
2.2.1 Malthusian Approaches
A theory of how demographic increase is limited by environmental constraints
was proposed by Thomas Malthus (1766–1834) in his AD 1798 essay ‘An Essay
on the Principle of population’. Geometric increases in resources are unable to
match exponential growth rates in population — therefore as population
increases it will outstrip available resources. Famine, warfare and disease then
reduce population until it is within its resource limits. A population can
therefore be considered to be ‘Malthusian’ if its growth is density-dependant
(Lee, 1987). Malthusian ideas have been used in the study of pre-industrial
societies, for instance in the case of Easter Island (Brander & Taylor, 1998).
12
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An application of the Malthusian population model to pre-industrial
societies is described in Wood (1998), Figure 2.1. The concept of demographic
saturation replaces carrying capacity, and is a function of the available
resources, level of technology and the organisation of production (Wood, 1998).
Pre-industrial societies reach equilibrium on "the edge of misery", where
population is the maximum resources can sustain unless there are social or
economic checks on population (Wood, 1998). Coombes and Barber (2005)
apply this model to the retreat of societies at the margins; declines in resource
availability driven by environmental change result in reduced levels of buffering,
increasing vulnerability. Based on Wood’s (1998) model three possible responses
to externally forced population decline can be hypothesised (Figure 2.1). Firstly
a population may move away from demographic saturation and increase its
surplus and buffering against environmental change. Alternatively population
decline may decrease surpluses and increase vulnerability to environmental
change, because a population moves further away from its optimum level.
Finally population may decline below a minimum population threshold for that
particular system of production and may either ‘collapse’ or be forced to change
its system of production (Figure 2.1, part c).
Empirical studies of population in Iceland have found that marriage rules
kept population levels lower than could have been supported in most years,
creating a buffer against poor harvests (Vasey, 1996). The implication of this is
that scenario two or three (Figure 2.1) may be more realistic than scenario one.
Less productive but less labour intensive production methods in Iceland could
involve a greater use of wild food resources, increased sheep grazing relative to
cattle and increased winter grazing rather than fodder production. These
changes in land use may produce a different landscape impact.
2.2.2 Modifications and alternatives to Malthusianism
Malthusian type approaches to population have been critiqued in two basic
ways. A formal theory of population and resource use represents an idealised
system and ignores institutional, economic or social pressures. This limits the
applicability of any sort of partially deterministic model for those who argue
that the political-economic system is integral to a society (Cowgill, 1998).
However, with modifications Malthusian ideas are still useful.
A key modification of Malthusian concepts is the idea that innovation,
system reorganisation and technological progress — leading to the increase of
total system output — may be triggered by environmental stresses, avoiding the
regulation of population by famine (Boeserup, 1965). Empirical data and
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Figure 2.1: A Malthusian model of pre-industrial population, diagrams re-
drawn from Wood (1998). (a) shows a hypothetical system where the curve
of production (thick line) goes above the linear minimum subsistence require-
ments. Areas where the curve is above the line (i.e. system output is above
the minimum required) is the total range of possible populations. (b) illustrates
three possible scenarios for the impact of exogenous population decline on to-
tal system output and increase in surplus and therefore buffering, which would
correspond to either a overall decline in environmental impact (1) or force a
reorganisation of the system because it has crossed a threshold (3), or at least
reduce surplus and consequentially system buffering (2). (c) shows a more re-
alistic model with multiple curves of production, and hypothesis a switch to a
lower output but less labour intensive system.
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models of changing land use appear to support this view even in pre-Industrial
societies, with a much greater per-capita land use in Europe in the early
historical era than in the later, pre-industrial era (Kaplan et al., 2009). A
greater per-capita impact in earlier human societies has implications for
interpreting environmental records, particularly in relation to pre-historic land
cover changes (Ruddiman & Ellis, 2009). For instance, in Europe modelled
woodland cover declines more rapidly from AD 0–1350, after this period it
declines at a slower rate despite an increasing rate of population increase
(Figure 2.2, Kaplan et al., 2009). Models based on declining per-capita forest
clearance are a better fit to empirical records of forest cover than models based
on constant per-capita woodland clearance (Kaplan et al., 2009).
2.4. Technology and intensification
The population density-forest cover relationship was probably
not constant over time. If a farmer can increase the number of
people supported per unit area of land, then there is less pressure to
clear forests and/or less suitable land can be abandoned. Therefore,
major technological innovations in farming can result in changes of
the relationship between population density and deforestation. In
order to address this issue, we developed an alternative scenario for
the population density-forest cover relationship over time. Using
several additional data points for England–Wales originally from
the Domesday Book (Rackham and Rackham,1994), and the Boeotia
region of central Greece (Bintliff, 1993), we fitted four distinct
relationships between Pnorm and FCnorm at certain time points of our
model run: 350 BC, AD 1000, AD 1350, and AD 1830 (Fig. 4).
For each of the four time periods where estimates of forest cover
were available (350 BC, AD 1000, AD 1350 and AD 1830), we
adjusted the parameters of the sigmoidal fit curve to create four
curves at fixed time slices that pass through the points on the graph
representing this time in history. The changing shape of the curve
between each time period represents technological evolution in the
sense that as the curve shifts rightward, more people can be fed on
the same amount of land. In our scenario including technological
change, the model uses the appropriate relationship depending on
the year of deforestation being calculated. For years between the
fixed regression lines, we linearly interpolated the coefficients; at
the beginning and end of the time domain of our study we held the
coefficients constant to the earliest and latest fixed curves,
respectively. Shape parameters of the sigmoidal curve for the
standard scenario and the individual fixed time slices are presented
in Table 1.
2.5. Estimating land suitability for crops and pasture
In order to make spatially explicit maps of LCLUC, it was
necessary to devise a scheme for distributing human impact across
the landscape. Following Ramankutty et al. (2002), we assumed
that in any given region the highest quality land for crops is cleared
first, followed by increasinglymarginal land for crop and pasture, as
population pressure increases. For each 50 ! 50 gridcell in our spatial
domain, we computed a fractional value for each of two indices:
land suitability for cultivation (Scrops) and land suitability for
pasture (Susable).
We calculated Scrops as in Ramankutty et al. (2002), using climate
and soil variables as the major constraints to cultivation. Climatic
indicators to crop suitability were designated as growing degree
days (GDD) and a, the ratio of actual evapotranspiration (AET) to
potential evapotranspiration (PET). The indicators used for soil
suitability were soil carbon density (Csoil) and the soil pH (pHsoil).
Ramankutty et al. (2002) fitted suitability functions (based on
locations of current croplands) to each of these four variables, the
product of which is the index of land suitability to cultivation,
Scrops [ f "GDD# 3 f "a# 3 f "pHsoil# 3 f "Csoil# (2)
Because plants generally grow everywhere that the climate
allows, pasture suitability (Susable) was calculated using only
climatic variables, so that
Susable [ f "GDD# 3 f "a# (3)
In order to designate which gridcells could be used as pasture
and which would remain undisturbed, we needed to assign a lower
limit of Susable. By evaluating present day and recent past distribu-
tion of crop/pasture lands and forests from various sources
(Ramankutty and Foley, 1999; Klein Goldewijk, 2001; Päivinen
et al., 2001), we found that any gridcell with a Susable > 0.075 was
‘‘usable land’’. This cut-off point allowed us to explain the observed
clearance, while providing a constraint to lands that do not have
a climate hospitable enough to humans or domestic animals and
therefore remained unchanged.
To calculate Scrops and Susable we used high resolution (50 ! 50)
grids of 20th century climatology for temperature and precipitation
(Hijmans et al., 2005) and fractional bright sunshine hours (New
et al., 2002). To determine a, we calculated AET and PET following
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Fig. 3. Finding a relationship between forest cover and population. (a) Historical forest cover data for six European regions from Mather et al. (1999; France), Bradshaw (2004;
Denmark, Sweden, and Ireland), Bintliff (1993; Boeotia) and Rackham and Rackham (1994; England–Wales). (b) Normalized population density (persons km$2 of cultivatable land/
Scrop of the cultivatable land) versus normalized forest cover fraction (forest cover on usable land). The dashed line represents the lower portion of a sigmoidal curve fit to the data
for Denmark, Sweden, France, and Ireland, used for the standard scenario. Dots representing data for Boeotia and England–Wales are only used for our technology scenario. (c)
Entire sigmoidal curve fit to the normalized data.
J.O. Kaplan et al. / Quaternary Science Reviews 28 (2009) 3016–30343020
Figure 2.2: The r lationship betw e forest cover and population, after Kaplan
et al. (2009). (a) shows historical data from 6 areas, while (b) shows the
data in (a) plotted against normalized population density (persons per km2 of
cultivatable land) versus normalized forest cover fraction. There is a declining
per capita impact in terms of forest area cleared through time.
This argument can be taken further and population can be seen as a
‘limitless resource’ and not a cost on the environment (Simon, 1996). This
‘cornucopian’ view of the natural resources is driven by the idea that increasing
human ingenuity will always outpace drawdow of resources. This viewpoint is
mostly used in refere ce to modern capitalist societies — however it can provide
an alternative viewpoint to the consequences of depopulation in pre-capitalist
societies.
The relationship between environmental impact and population is therefore
not straightforward. The application of Malthusianism to understanding past
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environmental change depends on knowing the per capita impact of any given
population — which reflects both the social organisation of the society and the
available technology, therefore the per-capita impact can change rapidly. It is
apparent that a declining population does not inevitably lead to a reduced
environmental impact and that less labour intensive subsistence approaches may
be more damaging to the environment. In Iceland winter grazing is used as a
substitute for fodder when there is not enough labour capacity available to
collect sufficient fodder to last the winter (Adalsteinsson, 1990; Simpson et al.,
2004), and could be one way in which a declining or smaller total population
would have a larger per-capita impact. In addition population decline may not
be evenly spread and key actors and skills may be lost producing a disruption
out of proportion to the pro-rata decline.
2.3 Linking historical and environmental records
Linking a visible environmental change in a proxy record to short-lived,
infrequent events such as disease, that leave no direct signal in environmental
records requires that three conditions are met. Firstly is theory: there needs to
be a plausible mechanism for environmental change to be related to the change
being tested. Secondly the temporal resolution of the environmental record
needs to be such that we can be sure that changes observed are truly
synchronous with the event. Lastly the spatial scale of the record must match
the scale of the change observed, and should ideally be able to spot local trends
and regional shifts. However even when all these conditions causality cannot be
implied. Detecting partial declines in settlement is particularly hard because
rarely will anthropogenic pressures on the landscape be removed entirely, this is
likely to be especially true in pastoralist systems, where much lower populations
are likely to be able to sustain higher livestock numbers than are needed for
direct subsistence (Coombes & Barber, 2005).
2.3.1 System complexity
There are two characteristics of large, complex societies which means they are
not considered for this study. Firstly, for any signal in environmental records,
larger societies will have a greater frequency of possible perturbations which
could generate that signal. At the levels of chronological resolution available it
may not be possible to discriminate between multiple possible causes. A second,
more fundamental epistemological problem is that complex systems are more
likely to respond in a non-linear way to minor perturbations (Coombes &
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Barber, 2005). Major changes (such as ‘collapse’ or migration) seen in societies
may be driven by perturbations which leave a signal in environmental records,
such as climatic change. Alternatively they may have a political or social cause,
which would not necessarily leave a record. Therefore it is hard to ascertain to
what extent large scale changes visible in past societies may in fact be
independent of contemporaneous changes in external variables.
Many studies have correlated social change with climatic change (Weiss
et al., 1993; deMenocal, 2001; Patterson et al., 2010), and this is perhaps
because, especially in the case of large successful societies such as the Akkadian
empire, collapse is considered hard to explain by cultural means (Coombes &
Barber, 2005). However, complex systems, both natural and social, can exhibit
properties of ‘self-organised criticality’ (Brunk, 2002). In systems that have the
properties of ‘self-organised criticality’ change can be non-linear, and without a
detailed knowledge of the internal dynamics external change appears random.
If, as some have argued, human societies can be considered systems that display
signs of self-organised criticality (Brunk, 2002), then it becomes extremely
difficult to predict how societies will react to environmental, social or economic
change (Coombes & Barber, 2005).
2.3.2 Chronological resolution
Many palaeo-environmental datasets offer great potential in answering questions
about how interlinked human-environmental systems respond to change over
long timescales, and the temptation is to correlate them with human records of
change. This may not be appropriate if the resolution of the environmental
record is not the same as the resolution of change observed in human societies.
Ultimately the chronological resolution control determines what sort of
questions can be answered using palaeo-environmental records (Blaauw, 2011).
Uncertainty in the dating of environmental records may lead to two
phenomenomena - the ‘sucking in’ and the ‘smearing’ of events (Baillie, 1991;
Blaauw, 2011, Figure 2.3). Events that may in reality be asynchronous appear
to be correlated. Blaauw (2010; 2011) argues that even when events have been
dated as being asynchronous the temptation is still there to invoke ‘lags’ and
‘leads’ without questioning whether in fact the records are correlated at all.
2.3.3 Spatial Resolution
Although disease is able to affect populations nearly simultaneously over large
areas, the impact of disease is likely to be spatially differentiated. This is a
problem because while in aggregate the overall picture may be appear to be of
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evidence, the idea that peat layers extend synchronously over large
distances remains alive. For example, Charman et al. (2006),
Blundell et al. (2008) and Swindles et al. (2010) produced
regional syntheses of past climate change through synchronising,
or “stacking”, 14C dated peat layers within regions.
1.2. Tephra
As fall-out products of volcanic eruptions, tephras can form
highly precise and reliable isochrons to align proxy archives across
regions (Lowe, in press). Some volcanic eruptions deposit their
ashes over very large areas, such as the tephra from the AD 1259 El
Chico eruption in Mexico which has been reported in Arctic and
Antarctic ice (Palais et al., 1992). Moreover, their rapid atmospheric
transport and subsequent deposition ensures that tephras can be
used as essentially simultaneous events between different proxy
archives. But even tephra-based correlations can bemisleading. The
Hekla 3 tephra was !rst dated at c. 3140-2885 cal BP (95% intervals
calibrated from Icelandic 14C dates by Dugmore et al., 1995). This
period overlapped with a severe narrow-ring event in Northern
Irish trees, several archaeological/historical events in Ireland and
China, and a major acid spike in Greenland ice, leaving (Baillie and
Munro, 1988; Baillie, 1989, 1991) with “little doubt that this event is
the Hekla 3 eruption”. However, this link was subsequently refuted
through high-precision 14C dating, which placed Hekla 3 a century
after said events (Plunkett, 1999; van den Bogaard et al., 2002). For
comparable accounts see Denton and Pearce (2008), Lowe and
Higham (1998) or Lowe (in press) who warn against uncritical
attribution of speci!c tephras to acid peaks.
Until now only few geochemical !ngerprints have been pub-
lished of tephra in ice (e.g., Davies et al., 2008), whereas most
identi!cations are based on stratigraphic reasoning that acid peaks
pertain to known volcanic eruptions (e.g., Vinther et al., 2006;
Baillie, 2008). Moreover, as reviewed by Lowe (in press), some
eruptions havemultiple !ngerprints, ice-rafting and other processes
can (re)deposit tephra long after eruptions (Austin et al., 2004),
several tephras of similar composition stem from multiple volcanic
eruptions separated in time by centuries (e.g., Borrobol or NAAZ-II,
see Davies et al., 2004 resp Wastegård et al., 2006), and some
tephras are spread out over large depth intervals in sediment cores
(Wastegård et al., 2006). Thus, at their best tephras can be used to
align sites with remarkable precision and reliability, but only as long
as the tephra grains in those sites occur at distinct depths and can be
geochemically linked to speci!c volcanic eruptions.
1.3. Orbital tuning
Chronologies for long fossil proxy archives are frequently
obtained through tuning. Half a century ago, Emiliani (1955)
compiled d18O time series from foraminifera in deep ocean cores
and tuned them to “Milankovitch” orbital cycles. The idea was that
fossil foraminifer d18O re"ects past temperatures and/or extents of
ice sheets. Initial age-depth pro!les for the cores were based on
accumulation rate estimates from a few radiocarbon dates, and
extrapolating these accumulation rates tomuch older times. Imbrie
et al. further developed these tuned time-scales by applying addi-
tional radiometric markers and the 730 ka BP Brunhes-Matuyama
magnetic reversal as initial time-scales for !ve marine cores, fol-
lowed by tuning the d18O curves to orbital frequencies (Bassinot,
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Fig. 2. Schematic representation of tuning process. Similar features within two time
series are identi!ed (tie-points indicated by dashed lines in upper panel), after which
the tie-points within one series (red) are aligned with those of the other series (green;
lower panel). Both time series were independently obtained by a Gaussian random
walk process (see Blaauw et al., 2010a), where the value at step i is sampled from
a normal distribution with the mean taken from its value at the previous step i-1, and
standard deviation set at 0.1. As both time series are independent random walks, any
similarities between the series are fortuitous. Both series however have similar stan-
dard deviations and thus possess similar degrees of autocorrelation. For interpretation
of the references to colour in this !gure legend, the reader is referred to the web
version of this article.
Fig. 3. Schematic of “sucking in” (A) and “smearing” (B) of proxy events (open circles
with crosses on grey bars) owing to chronological uncertainties (bell-shaped distri-
butions). In panel A, the proxy events in two time series are separate in time (!lled
dots). However, chronological uncertainties allow for some "exibility in the assigned
timing of the events (arrows), in this case sucking the separate events into an illu-
sionary single synchronous event (grey bar). In panel B, the two proxy series in reality
reacted synchronously to a single event (!lled dots), but chronological errors caused
imperfect dating of the proxy changes, smearing out the single event into two separate
events (grey bars). Time on arbitrary horizontal axis.
M. Blaauw / Quaternary Science Reviews xxx (2010) 1e12 3
Please cite this article in press as: Blaauw, M., Out of tune: the dangers of aligning proxy archives, Quaternary Science Reviews (2010),
doi:10.1016/j.quascirev.2010.11.012
Figure 2.3: How short term events m y become ‘sucked in’ and ‘smeared’
with poor chronological control, after Blaauw, in press
no change, particular locations may experience a gre t deal of chang .
Population decline as a result of plague in medieval Sweden resulted in a
heterogenous pattern of abandonment, with high levels of abandonment in
marginal areas (70%) but only low levels (∼10%) in productive areas (Lagerås,
2007). Therefore while regional pollen chronologies from large lakes show a
pattern of no or little change a combination of loc l pollen diagrams show a
clear signal of agricultural abandonment (Lagerås, 2007).
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2.4 Thresholds and critical transitions
Systems — either natural systems, or coupled social-ecologial systems (SES)
—may exhibit several possible responses to an external perturbation (Figure
2.4). There may be a short, ramped disturbance, before returning to previous
levels (Figure 2.4, a). Alternatively a perturbation may cause a threshold
change within a system, and the change in response to the perturbation is
non-linear (Figure 2.4, b) . Threshold change may be non-catastrophic
(reversible) or catastrophic (non-reversible). Systems have been observed to
undergo catastrophic threshold changes in a wide range of natural and social
systems, and they can also be referred to as a critical transitions (Scheffer et al.,
2009), Figure 2.4. Threshold crossing may be triggered by changes in both
external or internal variables. The concept of threshold change has been applied
to explain a range of transitions observable in geomorphic systems (Brunsden &
Thornes, 1979; Schumm, 1979; Phillips, 2003).
critical transition occurs (Fig. 2d). This is true not only for simple
models22, but also for highly elaborate and relatively realistic models
of spatially complex systems23.
Increased variance in the pattern of fluctuations is another possible
consequence of critical slowing down as a critical transition is
approached24 (Fig. 1). Again, this can be formally shown25 (Box 3),
as well as intuitively understood: as the eigenvalue approaches zero,
the impacts of shocks do not decay, and their accumulating effect
increases the variance of the state variable. In principle, critical slow-
ing down could reduce the ability of the system to track the fluctua-
tions, and thereby produce an opposite effect on the variance26,27.
However, analyses of models show that an increase in the variance
usually arises and may be detected well before a critical transition
occurs24 (Fig. 2).
In summary, the phenomenon of critical slowing down leads to
three possible early-warning signals in the dynamics of a system
approaching a bifurcation: slower recovery from perturbations,
increased autocorrelation and increased variance.
Skewness and flickering before transitions. In addition to autocor-
relation and variance, the asymmetry of fluctuations may increase
before a catastrophic bifurcation28. This does not result from critical
slowing down. Instead, the explanation is that in catastrophic bifur-
cations such as fold bifurcations (Box 1), an unstable equilibrium
that marks the border of the basin of attraction approaches the
attractor from one side (Box 1). In the vicinity of this unstable point,
rates of change are lower (reflected in a less steep slope in the stability
landscapes). As a result, the system will tend to stay in the vicinity of
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Figure 1 | Some characteristic changes in non-equilibrium dynamics as a
system approaches a catastrophic bifurcation (such as F1 or F2, Box 1).
a, b, c, Far from the bifurcation point (a), resilience is large in two respects:
the basin of attraction is large and the rate of recovery from perturbations is
relatively high. If such a system is stochastically forced, the resulting
dynamics are characterized by low correlation between the states at
subsequent time intervals (b, c). d–f, When the system is closer to the
transition point (d), resilience decreases in two senses: the basin of attraction
shrinks and the rate of recovery from small perturbations is lower. As a
consequence of this slowing down, the system has a longer memory for
perturbations, and its dynamics in a stochastic environment are
characterized by a larger s.d. and a stronger correlation between subsequent
states (e, f). Plots produced from a stochastically forced differential
equation15 representing a harvested population:
dX/dt5X(12X/K)2 c(X2/(X21 1)), where X is population density, K is
the carrying capacity (set to 10) and c is the maximum harvest rate (set to 1
for high resilience and 2.6 for low resilience).
Box 1 jCritical transitions in the fold catastrophe model
The equilibrium state of a system can respond in different ways to
changes in conditions such as exploitation pressure or temperature
rise (Box 1 Figure a, b, c). If the equilibrium curve is folded backwards
(Box 1 Figure c, d), three equilibria can exist for a given condition. The
grey dotted arrows in the plots indicate the direction in which the
systemmoves if it is not in equilibrium (that is, not on the curve). It can
be seen from these arrows that all curves represent stable equilibria,
except for the dashedmiddle section in Box 1 Figure c, d. If the system is
driven slightly away from this part of the curve, it will move further
away instead of returning. Hence, equilibria on this part of the curve are
unsta le and epresent the border between he basins of at raction of
the two alternative stable states on the upper and lower branches. If
the system is very close to a fold bifurcation point (for example point F1
or point F2), a tiny change in the conditionmay cause a large shift in the
lo er branch (Box 1 Figure c). Also, close t such a bifurcation a small
perturbation can drive the system across the boundary between the
attraction basins (Box 1 Figure d). Thus, those bifurcation points are
tipping points at which a tiny perturbation can produce a large
transition. Small perturbations can also cause large changes in the
abse ce of true bifurcations, provided that the system is very sensitive
in a certain range of conditions (Box 1 Figure b). Finally, a shift in system
state may simply be caused by a sudden large external force (Box 1
Figure a). Early-warning signals tend to arise as systems approach a
bifurcation poin such as in Box 1 Figure c, d, and also if ystems
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Figure 2.4: After Scheffer et al., 2009. The state of a system may respond
in four basic ways to a forcing, the bold line indicates a systems potential
‘equilibrium curve’. In (a) the system responds linearly, in (b) it is a non-linear
change but reversible. In (c) and (d) the ‘equilibrium curve’ is folded backwards,
so when a system h d moved to the lower state change is not rev rsible.
In addition to aspatial models of system change, the thresh ld concept can
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also be applied spatially (Figure 2.5). Initial linear responses to increasing
aridity end when the spatial geometry of patches of vegetation reaches a critical
threshold and vegetation suddenly disappears completely, and cannot return
(Scheffer et al., 2009). This concept may be applied to landscape change in
Iceland because erosion has a strong spatial pattern, with a patchwork of fully
vegetated areas and barren areas. Erosion may respond linearly to climatic or
grazing changes, until the ratio of eroding slope to area reaches a threshold, and
erosion may rapidly increase, and the soil cover rapidly disappears (Figure 2.5).
The likelihood of a threshold being crossed depends not only on the magnitude
of perturbation and spatial patterns but also on the resilience of a system.
Critical transition
from a self-organized



































Figure 2.5: Modelling of vegetation transitions in a progressively drier climate
show a linear response until the spatial pattern reaches a threshold and there is a
sudden system change to no vegetation, from which it is hard to recover. Black
line is equilibrium biomass densities. Modifications show how this model could
apply to soil erosion in south Iceland, where there is a strong spatial pattern to
erosion. Modified from Scheffer et al., 2009.
2.4.1 Resilience
Resilience is a term which has proved difficult to define (Walker et al., 2004).
Central to the concept is the idea that systems may have multiple, alternative
stable states or domains, within which systems show small variations but remain
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essentially the same. Resilience therefore describes how difficult the transition
between alternative multiple stable states is. More resilient systems tend to be:
(a) more adaptable to change (i.e. able to absorb larger perturbations without
moving to a different stable state)
(b) not close to a threshold
(c) resistant to change (i.e. it takes a larger perturbation to cause change)
(Walker et al., 2004).
The relevance of the concept is that it can be used to understand why some
systems may undergo radical change in response to a perturbation, yet the same
system at a different time may show no response to a perturbation of similar
size. The differences in response are related to the different resilience of the
system at different times, even if the system may not have appeared to have
changed. The concept has been applied in studies of natural systems, human
societies and coupled socio-ecological systems (Gunderson & Holling, 2002).
Studies of a wide range of natural systems have found empirical evidence of
signals indicating that a system is close to a threshold change to an alternative
stable state (Scheffer et al., 2009). These signals appear to be a result of
phenomenon called ‘critical slowing down’, which means that the system
becomes increasingly slow at responding to perturbations. One of the effects of
this is increased variability within the system, which indicates that the effect of
perturbations persists and potentially begins to accumulate (Figure 2.6).
Systems close to thresholds will have low resilience and are vulnerable to small
perturbations causing a change in state.
Pre-cursers of impending threshold crossing could potentially be identified
in geomorphological signals of landscape change in Iceland. Increased spatial
variability in sediment accumulation rates or tephra thickness may indicate a
slower response time to small perturbations (for instance small breaches in
vegetation take longer to heal). Tephra fall is a perturbation to the landscape,
so the length of time it takes tephra to stabilise on a surface may indicate overall
(landscape) system resilience, with larger larger variations in the thickness of a
tephra over small areas indicating a landscape close to a critical transition.
2.5 Key Points
• Deterministic and Malthusian approaches to human-environment
interactions see population as having a direct and linear impact on the
environment, however populations tend to have changing per-capita
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system to the transition point. The Jacobian matrix of this
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When connectivity is very low, we may assume that D <<
f 0%x*i ; pi; c& which renders the eigenvalues of the system
equal to: l1 ' f 0%x*1 ; p1; c& and l2 ' f 0%x*2 ; p2; c&. This
assumption basically implies that the two units can be
regarded as being disconnected. Under these conditions,
each unit is governed by its own dynamics and shifts at a
different critical threshold ci. Changes in each unit are
abasin of attraction basin of attraction
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Fig. 1 Time: balls and cups representation of the stability properties
of a system exhibiting alternative stable states. a At high resilience,
small disturbances to the equilibrium are counterbalanced by high
recovery rates back to equilibrium. As a result, when monitoring the
state variable in time, the collected time-series is characterized by low
correlation between subsequent values (panels c, d). b At low
resilience, the basin of attraction shrinks and the system is closer to
the transition point. Small disturbances not only increase the chance of
pushing the system to the alternative state, but they are not anymore
effectively damped due to low recovery rates back to equilibrium. The
resulting time-series is highly autocorrelated (panels e, f). Space:
dynamics of two strongly connected units embedded in a hypothetical
spatial system. When the system is far away from the transition (high
resilience), dynamics in each unit are defined more by their own
reaction processes than by dispersion (panel g) and appear weakly
correlated (panel h). Close to the transition (low resilience), reaction
processes are minimized due to critical slowing down and dispersion
dominates (panel i). Units now are strongly correlated (panel j)
Theor Ecol (2010) 3:163–174 165
Figure 2.6: Tipping points and leading indicators. Systems which are not
close to thresholds (a) respond quickly to perturbations, compared to systems
with low resilience (b) which show greater variability as the system is slow to
respond to perturbations. After Dakos et al. (2010).
impacts, and reductions in population may not reduce environmental
impact.
• In order to link historical events and environmental records appropriate
chronological control and spatial resolution is key, otherwise little can be
said about how a pa ticular event imp ct on the environme al r cord
• Geomorpho ogic l approaches, especi lly tephroc ronology can be used to
define sp tial patterns of ch ge through time and provide ppropriate
environmental records for investigating change in pastoral agricultural
societies.
• The concepts of landscape sensitivity, resilience, threshold crossing are
central to understanding change. Systems close to to critical transitions or
threshold change (i.e. systems with low resilience) can be identified by a
range of signals, the most robust of which are a increased response time to
perturbations and therefore increased var ability in a sys em.
• Testable ideas and putative mechanisms of how different elements of






This chapter provides wider context and chronology to the plagues in Europe
and Iceland during AD 1300-1500 and their social, economic and environmental
effects. It also introduces the region of Skaftártunga, south Iceland, as the case
study, providing background on the physical environment, land degradation,
climate, land use and history over the past 1500 years.
3.2 The ‘Black Death’
The plagues between AD 1350-1600 were the most significant population
reductions experienced in Europe since the Justinian plagues of AD 541–542,
810 years previously (Hays, 2005). Population declined simultaneously across a
large area, with a range of environments and agricultural practices. The plagues
can be considered a natural experiment (sensu Diamond & Robinson, 2010) on
the environmental consequences of declining population. Good written records
survive from England and continental Europe which detail demographic,
economic and land use changes, allowing comparisons with changes seen in the
environmental record.
Whilst we know something of the environmental impact of plague in mixed
arable and pastoral farming systems (van Hoof et al., 2006; Lagerås, 2007), its
impact on predominately pastoralist landscapes is less clear. Pastoralist areas
on the northern margins of agriculture include areas of northern England,
Scotland, Norway, Sweden and Iceland, and these are all areas that the plague
reached at least twice (Danielsen, 1995; Karlsson, 1996; Herlihy, 1997). These
23
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are areas where late medieval settlement and environmental change is associated
with the climatic deterioration of the Little Ice Age (LIA) from AD 1300 (e.g.
Parry, 1981), but to fully evaluate the impact of the LIA it is important to
identify the probable effects of the plague years. To complicate matters further
these areas were also affected by frequent livestock epidemics, such as cattle
murrains 1 and sheep liver fluke (Spinage, 2003). Therefore while the Black
Death is a significant event which could be expected to be visible in
environmental records, it must be considered in the context of other events
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Figure 3.1: Summary diagram of relevant social and demographic events in
Iceland and England, with indicators of dating precision of radiocarbon and
tephras available for environmental reconstruction. Note there are far fewer
documentary records from Iceland than England. The complexity of change in
England makes it almost impossible to separate out events with the available
resolution of environmental records. Plague and famine years from Herlihy, 1997
and Kershaw, 1973. Livestock epidemics refers to periods when large numbers
of sheep and cattle were recorded as dying — some of these outbreaks were
epidemics (rinderpest for cattle and liver fluke for sheep) whereas other periods
are probably when poor weather or lack of food affected livestock numbers, but
these events were still recorded as disease. Data from Spinage, 2003.
3.2.1 Population AD 1200-1350
It has been argued that by AD 1300 European population levels had reached
their Malthusian limits as population levels stagnated in the early 14th century
(Herlihy, 1997). Alternatively increases in wage-labour may have decreased the
1An outbreak of the viral disease of rinderpest which affects cattle. Rinderpest is highly
infectious and produces high mortality rates. At this period the term murrain was applied to
all incidences of high mortality in livestock, however subsequently most of these events have
been identified as epidemics of rinderpest (Spinage, 2003).
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optimum family size, reducing overall fertility rates and stalling continued
population expansion (Gummer, 2009). The Great Famine of AD 1315–1317,
where mortality is estimated to have reached 10% (Kershaw, 1973), was caused
by successive failures of the wheat harvest due to poor weather (Aberth, 2001).
This was followed by an especially severe outbreak of both sheep and cattle
murrains which reduced livestock populations, so that in some areas by AD
1321 arable agriculture had to be given up because of a lack of oxen to pull
ploughs (Spinage, 2003). After the famine population recovered quickly and
remained stable until the middle of the century.
3.2.2 Chronology and Population
The Black Death (also known as the ‘Great Death’) is one of a series of
pandemics which affects Europe and the regions surrounding the Mediterranean
in the mid 14th century. The initial pandemic spread from Italy in the winter of
AD 1347, reaching England by the winter of AD 1349 and persisted for about
two years (Herlihy, 1997; Gummer, 2009). This particular pandemic is what is
commonly referred to as the ‘Black Death’ and it reached from Italy and Spain
in the south to Scotland, Norway and Sweden in the north. It is the first of
dozens of incidences of plague over the next 200 years in Britain and continental
Europe (Figure 3.1). There is a wealth of literature based on contemporary
records that deals with its impact in Europe (Bolton, 1996; Platt, 1996; Herlihy,
1997; Cohn, 2002).
Although DNA analysis of plague victims has shown the modern plague
bacillus Yersinia pestis was responsible (Haensch et al., 2010) there is still some
debate about whether these plagues were the same as the modern plague spread
by fleas on the black rat Rattus rattus. Mortality rates from bubonic plague in
the 19th century in India were less than 1%, which does not match with
historical evidence that at least 30% of the population perished between AD
1348–1350. Twigg (1984) argues that the black rat was not widespread in
Britain at this stage and Karlsson (1996) demonstrates that it was not present
in Iceland at all at this time, despite the plague occurring twice here. When the
symptoms described by medieval chroniclers are compared with the modern
plague bacillus there are clear inconsistencies (Cohn, 2002) and the speed at
which it spread is hard to reconcile with our knowledge of how bubonic plague
spreads (Duncan & Scott, 2005). Alternative theories have centred on the idea
that it was not Yersinia pestis, but some other, unspecified, virulent infection
which could spread rapidly (up to 5 km a day, Gummer, 2009) and directly
from person to person (Duncan & Scott, 2005).
CHAPTER 3. CONTEXT: POPULATION AND ENVIRONMENT 26
Mortality varied spatially from rural to urban areas. There is a broad
consensus that mortality was much higher than recent pandemics, with
estimates for England ranging from 20% (Russell, 1948) to 60% (Benedictow,
2004). Evidence is limited to somewhat unreliable written records and urban
areas experienced continual inwards migration which increases the apparent
mortality rate, but it seems population declined by at least 30% within two
years. Population seemed to recover soon after the first outbreak (Bolton,
1996), but repeated episodes (with mortality rates of 10-15%) acted to depress
the lower population and stop it returning to pre-plague levels (Platt, 1996).
However repeated plagues cannot fully explain the length of demographic
stagnation — population levels in England, which may have been 6 million in
AD 1350, did not reach this level again until AD 1700 (Hatcher, 1977; Wrigley
& Schofield, 1981). This counters Malthusian interpretations which would see
increasing birth rates as a result of land becoming easily available which
creating opportunities for marriage at a younger age as farm tenancies became
easier to obtain.
In addition to repeated occurrences of plague, prolonged population
stagnation was caused by changes to demographic variables due to the plague
itself, and changes caused by longer term economic trends (Bolton, 1996). This
model of demographic change argues that fertility rates before and after the
Black Death were generally low (a low pressure demographic regime) and one
explanation is that greater female independence and work opportunities meant
that women had fewer children (Poos, 1991). There was also an increase in the
proportion of wage-labourers relative to smallholders, who married later and did
not benefit from having large numbers of children. It is argued that this change
in demographic variables had started before the Black Death and was due to
the transition from a feudal agricultural system to a wage dominated system
(Bailey, 1996).
3.2.3 Social and economic effects
The Black Death is either seen as having directly transformative effects on
society and economics (Herlihy, 1997) or as acting as a catalyst for longer term
trends (Karlsson, 2000). The immediate effect was price inflation as production
fell more rapidly than population (Herlihy, 1997). In the longer term labour
became more expensive, which acted to raise living standards for the poorest
(Kitsikopoulos, 2002) but made it hard for land owners to maintain their wealth
(Bolton, 1996). Changes to the system made to try to reduce labour costs
contributed to the peasants revolt of AD 1381 (Bolton, 1996). The decline in
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oxen population during murrains at this time made arable cultivation harder
(Spinage, 2003). The link between land and family became less pronounced
which increased mobility as tenancies became easier to obtain (Bolton, 1996).
3.2.4 Plague in Iceland
Although the plague originated in trading ports around the Mediterranean it
spread to the margins of Europe, affecting Iceland, Sweden and Norway. In
Norway, which ruled Iceland during this period, there was long term economic
and population decline and farm abandonment of up to 40% (Gissel et al., 1981;
Danielsen, 1995). Sweden also experienced population decline and extensive
farm abandonment, mostly from recently colonised marginal areas (Lagerås,
2007). In Iceland documentary evidence shows that the plague occurs twice, in
AD 1404-1402 and AD 1494 (Karlsson, 1996). Records of farm abandonment
and contemporary accounts show that the first epidemic may have killed
50–60% of the population, and 30–40% in the second epidemic (Karlsson, 1996,
2000). In general the north of the country was more severely hit, although the
Westfjords escaped the second epidemic entirely. Population levels between the
epidemics are unclear, although farm occupation rates suggest that by the time
of the second epidemic 95% of farm systems were in use again, but not
necessarily occupied (Karlsson, 1996). Because having access to land was a
pre-requisite for marriage, high rates of population growth could be expected
after plagues as land became available. After the second plague, landowners
who saw increased labour costs added additional labour demands to tenant
leases. This may have limited the labour available at key periods of the year for
tenant farms, which are the majority of farms in Iceland by this period
(Bolender, 2006).
3.2.5 Environmental Impact of plague
This section summarises biotic (palynological) and abiotic (geomorphological
and CO2) evidence of environmental change in Europe associated with the
demographic decline the 14th century. Population decline as a result of the
Black Death caused environmental change by altering land use patterns and
land abandonment (Figure 3.2). Legal post-mortum data from Essex shows that
the ratio of pasture and meadow to arable went from 0.08 in AD 1272–1309 to
0.32 by AD 1461–1485 (Poos, 1991), and this shift to pastoralism is also seen in
Ireland and Sweden (Hall, 2003; Lagerås, 2007). Reduced labour availability
may have driven this switch to less intensive agriculture, however better living
standards as a result of the pandemics (Kitsikopoulos, 2002) increased demand
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for meat and wool products, which could partially account for this shift
(Gummer, 2009). A synthesis by Yeloff & van Geel (2007) shows that
environmental changes were not universal, and probably related to the severity
of disease in a particular area.
Population decline of 30-50%,
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Figure 3.2: Mechanisms linking population decline and change identifiable in
environmental records. (a) There is a social and economic change associated
with population decline. (b) This results in changes in land use, which produces
an environmental response (c). (d) Changes caused by population decline may
be recorded in a range of palaeo-environmental records. Environmental records
tested in this thesis are shown in the box.
Biotic
Environmental indicators of late medieval decline have been found in pollen
assemblages across Europe. Changing land use is indicated by a decline or
cessation in the occurrence of cereal pollen (rye, Secale cereale L.) and other
indicators of arable farming such as nettle (Urtica) and dock (Rumex
obtusifolius). This is seen in sites in northern England, Ireland, southern
Sweden, France and the Netherlands (Yeloff & van Geel, 2007; Yeloff et al.,
2007; van Hoof et al., 2006; Lagerås, 2007). In Moneyveagh Bog in western
Ireland the cessation in cereal cultivation is dated to within a decade of AD
∼1350 by Hall (2003) using the the AD 1362 Öræfjajökull tephra. Other cereal
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declines are dated using wiggle-matching radiocarbon techniques to AD ∼1350
in south east Netherlands (Figure 3.3, van Hoof et al., 2006) and after AD 1350
in Northumberland, England (Yeloff et al., 2007). This evidence matches with
documentary evidence of a shift in land use from arable to grazing (Poos, 1991).
the leaf-based CO2 reconstruction are similar to CO2
trends based on records of conifer needles from Mount
Rainier, Washington, USA (Wagner et al., 2004; Kou-
wenberg et al., 2005; van Hoof et al., 2005; Fig. 5B).
Differences in the amplitude of the fluctuations are
likely to be related to remaining uncertainties in the
newly developed inference models for conifers (Kou-
wenberg et al., 2003; Wagner et al., 2004). There are
also similarities in timing and duration with CO2 fluc-
tuations recognized in coeval Antarctic ice-core records
from the South Pole and D47 sites (Siegenthaler et al.,
1988; Barnola et al., 1995). Results of the two inde-
pendent methods differ significantly in the amplitude of
the reconstructed CO2 fluctuations (10 ppmv ice-core,
versus 34 ppmv stomatal frequency). However, by
using a firn diffusion model, such discrepancies could
be well explained as an effect of smoothing resulting
from gas diffusion in the firn layer at the site of the ice
cores. The discrepancies strongly diminish when the
raw stomatal frequency data are smoothed analogously
to the natural smoothing which occurs in the firn (van
Hoof et al., 2005; Fig. 5B).
There is a remarkable correspondence between CO2
trends of the 13th–15th centuries and coeval trends in
regional forest density as reflected in the pollen record
(Fig. 5). Regardless of differences in amplitude, both
leaf-based and compatible ice-based records reflect a
pronounced CO2 minimum around AD 1200, followed
by an increase during the 13th century. This increase
could well correspond to large-scale forest clearance in
Europe (Williams, 2003). During the period of maxi-
mum reforestation between AD 1400 and 1440, CO2
levels seem to be relatively low. Unfortunately, the
precise timing of the onset of a CO2 decline is difficult
T.B. van Hoof et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 237 (2006) 396–411 409
Fig. 5. A: Summary diagram of the regional vegetation development based on pollen analysis (see also Fig. 3). The grey area marks the zone
interpreted to reflect forest re-growth on the abandoned farmlands after the Black Death. B: Three different atmospheric CO2 records. Two are based
on stomatal frequency analysis (thin black line with grey error envelope: Sint Odiliënberg, The Netherlands: van Hoof, 2004; van Hoof et al., 2005
and striped line: Jay-Bath, USA: Kouwenberg et al., 2005) of which one (Sint Odiliënberg) is based on Q. robur leaves derived from the same
sediment core as the palynological based vegetation reconstruction of Fig. 5A. The third record (solid black line) is an alternative Antarctic ice-core
record from Adelié Land (Barnola et al., 1995).
Figure 3.3: Regio al vegetation development from pollen analysis, after (van
Hoof et al., 2006). B shows three different atmospheric CO2 records. vanHoof
et al. , (2006) argue that although declining CO2 levels indicated by stomatal
fr quency are coeval with increases in forest den ity this change can be explained
by other mechanisms.
In a dition th r is a rise i palynological indicators of land bandonment
and f rest r -growth, indicated by increases in pollen from pio er tree species
such as birc (Betula) and willow (S lix ). Sites in the north of England
experienced a rise in secondary woodland (Betula) after ∼AD 1350 (Yeloff
et al., 2007) and areas in southern Sweden also saw forest re-growth (Lagerås,
2007; Gustavsson et al., 2009). Woodland cover across Europe increased to
reach a maximum in AD ∼1400 (Yeloff & van Geel, 2007). By combining cereal
cultivation, woodland and pasture indicators using 20 local pollen assemblages
in southern Sweden, Lagerås (2007) forms a regional picture of late medieval
land abandonment (Figure 3.4). Where farms are known to be abandoned
indicators of arable stop, however indicators of grazing continue, suggesting the
land was still used but in a less intensive way. Additional indicators show that
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grasslands changed from hay meadows (which requires considerable labour
input) to grassland, indicated by a cessation in Rhianthus type (yellow-rattle)
pollen (Lagerås, 2007). The lack of increase in Calluna type vegetation
precludes the argument that abandonment was a result of soil exhaustion.
Signals indicating regrowth in woodland are weaker than indicators of a declines
in intensive arable agriculture. An increased emphasis on pastoralist agriculture
would have suppressed forest re-growth, leading to limited and short lived
changes in woodland cover relative to a population decline of ∼30% (Yeloff &
van Geel, 2007). To summarise, in most areas there was a switch from intensive
agriculture to extensive agriculture, with some loss of marginal land to forest
regrowth for a short period (around 50 years).
Figure 3.4: Aggregate indicators of changing land use for two areas in southern
Sweden, after Lagerås, 2007
Abiotic
A geomorphic indicator of grazing intensity is slope stability. Radiocarbon
dated evidence of channel incision and alluvial fan development in northern
England and southern Scotland suggests that the 14th and 15th centuries had
relatively stable landscapes (Chiverrell et al., 2007). It is suggested that this is
due to reduced grazing pressure after population decline caused by the Black
Death and also population reduction and dislocation associated with the cross
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border warfare prevalent through this area at the time (Chiverrell et al., 2007).
This period of relative stability is against a longer term trend of increasing
instability due to the effects of climatic deterioration in the LIA.
Ruddiman (2003; 2005) has suggested that the human influence on climate
started before the Industrial revolution with the development of agriculture and
that major regressions in agriculture leading to forest re-growth and carbon
sequestration decreased global CO2 levels. However van Hoof et al. (2006)
tested this using stomatal frequency data in oak leaves from an oxbow lake in
the Netherlands and found that although declining CO2 levels corresponded
with increases in woodland pollen in the late 14th century, these declines could
be explained by other mechanisms (Figure 3.3).
3.3 Iceland
3.3.1 Population
Episodes of plague in Iceland need to be considered in the context of a range
other episodes of increased mortality. Until the 19th century the population of
Iceland frequently experienced famines due to bad harvests (Karlsson, 2000). A
summary of population is presented in Figure 3.5. The first census of Iceland in
AD 1703 records a population of 50,538, prior to this point population figures
are estimates. This census was commissioned as a result of famine and hardship
late 17th century, suggesting that population was larger prior AD 1703
(Thórarinsson, 1961; Karlsson, 2000).
Indeed most estimates put medieval population at a higher level than that
recorded in the first census in AD 1703 (Karlsson, 2000; Thórarinsson, 1961).
Using precise population records from the 18th century Vasey (1996) argues that
the property requirement for marriage acted to suppress population levels and
in effect provided a buffer against poor harvests. Vasey also notes the
contrasting population recovery times between smallpox in AD 1707–1709 and
after the ‘haze’ famine in AD 1783 (Figure 3.5), which were due to different age
cohorts within the population being affected. Only 13.3% of women of
child-bearing age were killed in the ‘haze’ famine versus their 27.7% proportion
of the overall population allowing the population to quickly recover (Vasey,
1996). In contrast the smallpox epidemic of AD 1707 killed an unusually high
proportion of young adults which can explain the slow population recovery time
after this event. Subsequent smallpox epidemics (such as in AD 1742) had
mortality rates of 2–3%.
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Figure 3.5: Population of Iceland (a) AD 870–2000. Prior to AD 1703 pop-
ulation is estimated based on tax records (After Thorarinsson 1961; Karlsson,
2000). A key point to note is the medieval population was probably higher prior
to the population recorded in the 18th century. (b) Population of Iceland AD
1700–1850. A census in AD 1703 and regular censuses after show population
declines caused by smallpox in AD 1707–1709, a famine caused by cold weather
after the eruption of Katla in AD 1755 and the ‘haze’ famine caused by the
eruption of Laki in AD 1783.
3.3.2 Agriculture
Until the 20th century lowland grasslands would be used for milking stock and
the home fields were of vital importance to produce fodder to sustain animals
through the long winter, although the grazing of animals in lowland areas in
winter was also common (Adalsteinsson, 1990; Simpson et al., 2004).
Rangelands (areas of common grazing, known as afréttir and extending up to
500–600 m) are grazed from April to October and are primarily for fattening
meat animals, which are rounded up in the autumn for slaughter
(Adalsteinsson, 1990). The best fodder was reserved for cattle, with sheep
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having to make do with the minimum and supplement with winter grazing; in
some years adult wethers may have needed no fodder supplement
(Adalsteinsson, 1990). It has been suggested that during times of low
population and livestock pressure (for example after plague or famine) farmers
would not graze the highland pastures as there was sufficient grazing in lowland
pastures (Júliusson (1995), cited in Ólafsdóttir, 2001).
At Landnám settlers brought with them cattle, pigs, sheep, horses and goats
but goats and pigs were found to be too damaging so numbers were reduced
quickly (Dugmore et al., 2000). A major change over the settlement period has
been the increase in the relative numbers of sheep compared to cattle. By the
AD 1703 census there were nine sheep per head of cattle; zooarchaeological
evidence from Mývatnsveitt, north Iceland shows that prior to 12th century
sheep were less common (McGovern et al., 2007). This change may be related
to the increasing importance of wool as a cash crop for export (Karlsson, 2000).
However it is not known exactly how this ratio varied across the country, and
areas in the south may have kept relatively more cattle until a much wider shift
towards relatively more sheep in the 19th century (Orri Vésteinsson, personal
communication). The implications of a switch to wool production and increased
sheep numbers would have been to increase pressure on outfield and rangeland
grazing.
3.3.3 Skaftártunga
Icelandic regions are separated into community based areas called hreppurs
which are on average 30 farms in size. The size of these units has its origin in
communal grazing units and also of units of sufficient size to be able to provide
poor relief (Vasey, 1996). The area of Skaftártunga forms half of the hreppur
Leiðvallahreppur which is in the region of Vestur-Skaftáfellsýsla (Figure 3.6 and
3.7). Skaftártunga has natural barriers which prevent easy livestock movement
on all sides. In the south Mýrdalssandur prevents livestock movement, and the
fast flowing glacial river Hólmsá prevents movement to the west. In the east the
river Skaftá prevents easy movement to the adjoining grasslands. The coast is
30 km away and has no shelter for harbours, limiting the extent to which diets
could be supplemented by fishing or other wild foods, although long distance
transport would have been common. There is communal rangeland grazing to
the north, extending into the uninhabited interior. The land rises from an
altitude of around 60 m in the southern part to 725 m in the north, with most
of the area being below 400 m. Lava flows from the Eldgjá (AD 934–940) and
Laki (AD 1783) eruptions flowed along the eastern, western and southern
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Figure 3.6: Skaftártunga, south Iceland. Extent of lava from Larsen (2000)
This size of area (∼400 km2) is large enough to provide a good
approximation of changes at the regional scale. The population was 106 in the
AD 1703 census, and the number of livestock (especially cattle) compared to the
number of residents gives an indication of the relative wealth of each
landholding (Table 3.1). The mean temperature is 0◦C in January and 10◦C in
July, higher than average for Iceland, and snow cover is only occasional in
winter and rainfall is high, on average 2000–2500 mm per year (Einarsson,
1984). The area has 14 landholdings, of which most are mentioned in the 1703
AD census. Also presented are the current boundaries of landholdings (Figure
3.7). These follow natural features and the location of farms has not changed
since Landnám. It is therefore assumed that historic landholding boundaries are
broadly represented by the current boundaries. Historically farms had multiple
owners and it was possible that you could own multiple, non-adjacent farms so
it is unlikely that physical landholdings were combined.
3.4 Environmental change
3.4.1 Impact of volcanism
Skaftártunga are has been affected by frequent volcanic eruptions over the past
1200 years. The tephrochronology of this region is covered in section 5.2, here
























































































Figure 3.7: Names and boundaries of landholdings where stratigraphic sections
were recorded.
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Table 3.1: Results of Jarðabók AD 1703 census for Skaftártunga. Translation
from Icelandic provided by Orri Vésteinsson from (Census, 1703). Note there
are usually multiple households on a landholding. Landholdings which form part
of this study are indicated by an *. Although Snæbýli and Ljótarstaðir were not
recorded in the Jarðabók survey they are recorded in an AD 1695 tax survey
(Lárasson, 1967).
Household People Cattle Sheep Horses
Eystri Ásar 1 8 13 53 8
Ytri Ásar 1 6 13 53 7
2 6 11 35 6
Hrífunes* 1 6 12 19 5
Flaga* 2 15 23 173 15
Hemra 1 7 11 71 6
Hílð* 1 7 12 36 7
2 7 16 128 13
Gröf 1 4 5 22 3
Borgarfell* 1 6 7 26 4
Búland* 1 7 14 60 9
Hvammur 1 7 9 80 7
Svínadalur 1 5 10 54 7
2 5 9 51 3
3 4 6 2 3
Nes 1 6 14 70 10
Snæbýli* - - - - -
Ljótarstaðir* - - - - -
Total 106 185 933 113
eruptions thought to have had a significant impact on agriculture area
considered (Table 3.2). Two eruptions which would have had major impacts are
the Eldgjá eruption in AD 934–940 and the ‘Skaftár fires’ eruption of Laki in
AD 1783.
The eruption in the Eldgjá fissure (which is 70 km long and at its closest 35
km from Skaftártunga) has been dated to AD 935±2 (Zielinski et al., 1995) and
also AD 933±1 (Vinther et al., 2006), but the eruption is thought to have taken
place over a period of several years (Larsen, 2000). It deposited 2.7 km3 of
tephra over an area of 20,000 km2 and erupted 18 km2 of lava, the largest
known flood lava deposit in the historical period (Larsen, 2000). The depth of
tephra deposited in Skaftártunga was ranges from 25 cm in the north to 12–15
cm in the south. This would have been damaging to vegetation due to
smothering and wind abrasion. Some areas have never recovered from the
impact of this eruption as the tephra never stabilised (Larsen, 2000).
The basaltic fissure eruption of Laki in AD 1783–1785 AD had major
impacts on populations in both Iceland and Europe (Karlsson, 2000; Grattan
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Table 3.2: Major eruptions affecting Skafártunga since Landnám
Volcanic origin Age (AD) Local impact
Eldgjá 934–940 Lava flows along course of Hólmsá river on the
western edge of Skaftártunga, destroying graz-
ing areas. Deep tephra fall (20–50 cm) kills
vegetation by smothering and wind abrasion.
Destruction of 600 km2 land which has never
recovered (Larsen, 2000).
Katla 1625 Coarse black tephra fall, mean thickness 40 mm.
Katla 1755 Coincides with poor summer and bad winter.
Widespread famine kills 15% of the population
Laki 1783 Lava flow down Skafta river destroying pasture.
Chronic fluorosis kills > 60% livestock in Ice-
land (Thordarson & Self, 1993) and famine kills
25% of total population. Acidic rain killed trees,
shrubs and grasses which did not recover for 3–
10 years.
et al., 1995). The eruption produced 14.7±1km2 of lava and 120 Mt of SO2
(Thordarson & Self, 1993). The impact from sulphur emissions may have caused
up to 30,000 deaths in in England and mainland Europe (Grattan et al., 1995).
Ten fissures spread over 27 km and are located 20 km to the north east of
Skaftártunga. Lava flowed south following the course of the river Skaftá,
destroying areas of lowland grazing in Skaftártunga (Figure 3.6). Arguably the
biggest impact was caused by the high fluorine levels in the tephra. The
deposition of ∼500 mg of fluorine per km2, caused chronic dental and skeletal
fluorosis in the human population and it also killed an estimated 80% of sheep
and 50% of cattle within 2–14 days of the eruption starting (Thordarson & Self,
2003). This initiated a severe famine which ultimately killed 20–25% of the
total population of Iceland (Vasey, 1996). The famine was made worse by poor
weather — the winter of AD 1782–83 was long and harsh, as was the summer
and winter of AD 1783–84 (Ogilvie, 1986). Population recovered relatively
quickly in the country as a whole, approaching pre-famine levels by AD 1800
(Figure 3.5).
This event provides some analogues to population change in the 15th
century. Differences are that this event killed livestock first — whereas disease
killed people and reductions in livestock numbers were not inevitable. However
if maintaining livestock numbers is reliant on having sufficient labour, for
instance to produce fodder which is needed to sustain livestock through winter,
then disease may act to limit livestock numbers. This is especially true for cattle
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which cannot survive without supplementary fodder through winter. Sheep can
be overwintered outside but this can be damaging to the landscape as
vegetation is more sensitive outside the growing season (Simpson et al., 2001).
3.4.2 Climatic change
While climate over the Holocene has been relatively stable, high resolution
records show that on century and decadal time scales it has at times been
highly variable. Iceland lies close to the atmospheric polar and oceanic front,
and its climate is marginal for pastoralism (Dugmore et al., 2000). The key
climatic periods in Iceland since Landnám can be broadly characterised as the
Medieval Warm period (MWP) lasting from around AD 800–1300 and the Little
Ice Age (LIA) lasting from AD 1300–1920 (Grove, 2001). These terms are used
in the context of the entire North Atlantic region, even though the exact timing
and differences between the MWP and LIA was spatially variable and it is very
difficult to define start and end points. Ogilvie and Jónsson (2001) argue the
use of these terms is unhelpful as both periods were variable, and Grove (2001)
argues that it should exclusively refer to glacial advances. However multiple
proxy based reconstructions (e.g. Mann et al., 2009) do show broad trends: the
MWP had a similar climate to current conditions and was relatively stable,
whereas the LIA can be categorised as cooler and stormier with more variability
than current conditions.
Iceland’s position in the North Atlantic on the boundary of two weather
systems means it is sensitive to changes in atmospheric circulation and changes
in the frequency and extent of sea ice (Ogilvie & Jonsson, 2001). A key
phenomenon that dictates Iceland’s weather is the North Atlantic Oscillation
(NAO), an index of the pressure difference between Iceland and the Azores,
which has either a positive or a negative state (Figure 3.8, Dawson et al., 2004).
When the NAO index is positive Iceland has warmer winters and the north
coast is minimally affected by drift ice. When the NAO is in a negative phase
Iceland experiences colder, wetter conditions and drift ice is frequent off the
north coast and occasionally occurs on the southern and eastern coasts.
Climatic changes over the last 2000 years have been related to changes in the
strength of the NAO, with a change to a higher frequency of negative NAO
conditions occurring around AD 1400–1420 (Dawson et al., 2004; 2007). This
climatic change is notable because it occurs coincidentally with the impact of
the first episode of plague in AD 1402.
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Fig. 1. Schematic illustration of North Atlantic climate ‘see-saw’. Top: Key elements of GB (Greenland below/Oslo above) winter showing
lower air temperatures over Greenland, increased air temperatures across Oslo, North Atlantic cyclogenesis leading to a positive NAO index as
well as changes in sea surface temperature (increased) and sea ice extent. Below: Key elements of a GA (Greenland above/Oslo below) winter
showing higher air temperatures over Greenland, lowered air temperatures across Oslo, the occurrence of high pressure across the North Atlantic
region leading to a negative NAO index as well as changes in sea surface temperature (decreased) and sea ice extent (adapted from Greenland
ice core (GISP2) analysis of Barlow, 1994).
A. Dawson et al. / Marine Geology 210 (2004) 247–259 249
Figure 3.8: After Dawson et al., 2004, showing the North Atlantic ‘see-saw’.
Note the very different ext nts of sea ice cover around Iceland b tween positiv
and negative NAO index states.
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3.4.3 AD 870–1300
Multiple proxy records of temperature in the North Atlantic for the period AD
500–2000 are summarised in Figure 3.9. During the first four centuries of
settlement (AD 870–1300) Iceland experienced a relatively stable and warm
climate. There was still considerable variability however and several periods of
colder than usual temperature. Documentary sources show that harsh periods
were experienced in AD 1180–1210, 1280–1290 (Ogilvie, 1984), while diatom
proxies indicate cooler summer temperatures in AD 1050–1100 and ∼1150
(Geirsdottir et al., 2009). However before AD 1300 sea surface temperatures
(SST) were consistently above the 2000 year mean of 2.8◦C (Jiang et al., 2005).
Major changes in climate and indications of the LIA appear around AD
1250–1300 (Geirsdottir et al., 2009) and AD 1300 can be considered the start of
LIA type conditions. Records of glacial advance broadly show a period of low
ice extent although more sensitive lowland glaciers such as Gígjökull show signs
of advance between the 10th and 12th centuries (Kirkbride & Dugmore, 2006;
2008).
Evidence for climatic deterioration after AD 1300 has been found by dating
glacial re-advance (Kirkbride & Dugmore, 2001), diatom proxies (Jiang et al.,
2005; Geirsdottir et al., 2009; Gathorne-Hardy et al., 2009; Ran et al., 2011),
documentary evidence (Ogilvie, 1992; Ogilvie & Jonsson, 2001), sea ice proxies
(Massé et al., 2008) and terrestrial sediment aeolian proxies (Jackson et al.,
2005). The late AD 1300s sees a large negative deviation in SST (Jiang et al.,
2005; Mann et al., 2009; Ran et al., 2011) and increased sea ice frequency
(Ogilvie, 1984; 1992; Massé et al., 2008).
3.4.4 AD 1400–1500
From around AD 1420 the NAO cycle strengthens increasing the frequency and
intensity of winter storms (Meeker & Mayewski, 2002; Dawson et al., 2004;
2007). The 15th century therefore seems to mark the boundary between the
warmer positive NAO conditions and cooler, wetter, stormier negative NAO
conditions which predominate until AD 1920. Cumulative deviations from the
mean can be indicators of changes in trajectories of climate, and based on the
cumulative deviation from the mean Na+ storminess proxy from the GISP
Greenland ice core conditions deteriorate from AD ∼1425 (Dugmore et al.,
2007b). Documentary evidence from this century is poor (Ogilvie & Jonsson,
2001), but a range of proxies indicate it was one of the coldest periods of the
LIA. Sea ice incidence is high from AD 1467–1494 (Massé et al., 2008), in the
period AD 1450–1500 summer temperatures as recorded in Haukadalsvatn lake,
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Figure 3.9: Multi-proxy summary of cli atic changes over the past 1500 years.
(a) Periods with especially cool summer temperatures from Haukadalsvatn lake,
western I eland (Geirsdo tir et al., 2009). (b) Cold intervals from diatom re-
constructed summer SST, north Iceland, (Ran et al., 2011). (c) Heavy sea ice
periods from an IP25 proxy, marine core, north Iceland, Massé et al. 2008. (d)
Multi-proxy weighted reconstructed SST in the North Atlantic region, (Mann
et al., 2009). (e) Records of North Atlantic storminess (Na+) from the GISP
ice core.
west Iceland decline by the largest amount in 2000 years (Geirsdottir et al.,
2009), AD 1460–1500 is a particularly cold interval recorded in marine diatom
records from north of Iceland (Ran et al., 2011), and the regional signal shows a
decline in average temperatures between AD 1380–1450 (Mann et al., 2009).
3.4.5 AD 1500–2000
The period AD 1500–1900 is variable but includes decades which are probably
the coldest during the LIA, as well as periods that were almost as warm as the
MWP. The 16th century is relatively mild compared to the periods AD
1350–1400 and AD 1450–1500, with low indicators of sea ice (Massé et al.,
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2008). After AD 1600 the record becomes more variable with extremes more
common (Jiang et al., 2005). Documentary sources improve and harsh decades
are recorded in AD 1630–1640, 1690–1700, 1740–1760 and 1780–1790 (Ogilvie &
Jonsson, 2001). Sea ice is severe in AD 1560–1570, 1590–1640, 1690–1720 and
1740–1790, with the AD 1780s probably having the most sea ice in the last 500
years (Ogilvie & Jonsson, 2001). The 19th century is cold (Ran et al., 2011) but
by the end of the century temperatures rise. Records of glacial advance from
south eastern Iceland (Bradwell et al., 2006; McKinzey et al., 2005), south
Iceland (Kirkbride & Dugmore, 2008) and central Iceland (Kirkbride &
Dugmore, 2006) all show increased glacial extent in this period, in particular the
periods AD 1690–1740 and the late 19th century (Kirkbride & Dugmore, 2006).
3.4.6 Impact of climate change
Climate, especially the incidence of sea ice, has long been considered key to the
success and failure of agriculture and the fortunes of Iceland as a whole, even
more so than volcanic eruptions (Ogilvie, 2001, from Thoroddsen, (1914), page
215). Since Iceland is climatically marginal for agriculture any cooling would
have had a significant impact — Bergthorsson (1985) calculated that the
potential livestock carrying capacity declines by 30% for a 1◦C reduction on the
AD 1901–1930 mean temperature of 3.2◦C. The cessation of growing barley in
the north of Iceland by the 12th century, and in the south of Iceland by the 15th
century has been explained solely as a factor of climatic deterioration (Grove,
2004) although soil erosion could also have contributed to the decline (Amorosi
et al., 1997). Soil modelling indicates that yield increases from manuring largely
compensate for the loss of yield due to temperature declines, suggesting
socio-economic reasons were more important (Simpson et al., 2002). Evidence
from a high status farm at Reykholt supports this, with no apparent link
between climate deterioration and cessation of growing barley
(Sveinbjarnardottir et al., 2007).
The key question in studies of climate and history is not why a wet autumn
resulted in the loss of a fodder crop but why no barns were built to protect the
harvest (McGovern et al., 2007). Critical to the climates impact on agriculture
was the frequency and timing of unfavourable weather, rather than the intensity
of change (McGovern et al., 2007). Prediction of (and preparation for) future
change may have been just as important as the magnitude of change (Figure
3.10). Cool winters could be more damaging than cool summers because this
was a critical time when stocks from the previous year were running low, and
there was a need to graze sheep while the grass was not growing, potentially
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triggering soil erosion and leading to irreversible land degradation (Simpson
et al., 2001). Because population was socially limited by access to property; to
some extent this created a buffer against the impact of bad years (Vasey, 1996).
The cumulative deviation from the mean of climatic records highlights
periods where climate changed trajectory — a potential period where past
experience is not a guide to the future (Figure 3.10, Dugmore et al., 2007b). In
particular a change to increasing sea ice extent around AD 1450 and increasing
storminess AD 1425, could have been significant, even though the LIA was not
yet at its coldest (Dugmore et al., 2007b). Periods where climate change did not
match past experiences of climate (15 years) may have been particularly
challenging to cope with, so may have been a time when previous management
techniques could not cope (Simpson et al., 2001, Figure 3.10). Modelling of
total vegetation production indicates a reduction in capacity of up to 40% as a
result of declining temperatures throughout the LIA (Haraldsson & Ólafsdóttir,
2006). However this reduction in vegetation production is mainly in upland
areas, and may not be as important as declines in production from lowland
areas as there is more than sufficient biomass production in the summer
(Thomson, 2003; Thomson & Simpson, 2007).
3.5 Soil and erosion
The majority of Icelandic soils are derived from recently weathered volcanic
material. Tephra and pumice are porous and have a high surface to volume ratio
which means they weather rapidly, forming allophane, Al-humus complexes and
additional colloidal materials (Wada, 1985). The most frequent soil type is
Andisols (Andosls) of recent volcanic origin. Andisols are defined as having a
high organic mineral content, low bulk density and a high water holding
capacity (Arnalds, 1990). Andisols make up 76 % of the soil cover in Iceland by
area and 5% of the world’s coverage (Arnalds, 2004). Other soils types common
in Iceland are Vitrisols (∼20%) and Histisols (< 5%). All Icelandic soils are
subject to frequent tephra falls, active eolian deposition of between <0.0001 mm
yr −1 to > 1 mm yr−1 and regular freeze-thaw cycles (Arnalds, 2008).
Soil properties which influence the likelihood of erosion are the texture and
density of soil grains and aggregates, tephra layers within the soil profile and
the thickness of aeolian deposits (Arnalds, 1990). In these respects Icelandic
soils, and especially andisols, are particularly vulnerable to erosion. Andisols
are poorly cohesive making them susceptible to wind and water transport and a
high water content increases susceptibility to cryoturbation (Arnalds, 2004).
Because the soil particles have low density (0.9–1.3 g cm−3) they are susceptible
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A - Deviations in temperatures from mean temperature for previous 15 years, data from Mann et al. 
2009. B - Multi-proxy weighted reconstructed SST from North Atlantic Region, Mann et al. 2009. C - 
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Figure 3.10: D viations from the 15 year mean for (a) multi-proxies temper-
ature reconstruction from Mann et al. 2009 (shown in (b)). (c) is deviations
in storminess from mean of previous 15 years of storminess. These highlight
periods of climate that were significantly different from previous experience,
periods where past experience would not be a good proxy for current change.
(e) is cumulative deviations in storminess from Dugmore et al., 2007b.
to saltation at low wind speeds, and even coarse tephra particles of >1 mm may
saltate in relatively low wind speeds (Arnalds, 1990). Poor cohesion also means
the soils are susceptible to rain-splash and running water. High levels of water
retention and the cool climate means that cryoturbation is very active.
All Icelandic soils have formed in the Holocene (Arnalds, 2004), however
sediment sequences can be more than 7 m deep reflecting high rates of
accumulation over the past 8.7 ka (Óladóttir et al., 2007). If vegetation cover is
breached this provides a large supply of sediment which can be blown
considerable distances (Figure 3.11). Where there are thick deposits of
unconsolidated tephra within the soil sequence even minor breaches in soil cover
may initiate a prolonged period of instability. For example in Þórsmörk, south
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Iceland, once the Katla AD 920 tephra was breached many areas experienced
several centuries of disturbance (Dugmore et al., 2006). This is especially the
case in the volcanically active zones where tephra layers may make up 50–80%
of the thickness of postglacial sediment, although the proportion of tephra is
lower in post-Landnám sequences, around 20–30%, reflecting the higher rates of
accumulation since Landnám. The higher content of tephra within soils in
volcanically active areas means these areas are more vulnerable to erosive
processes, and this is reflected by generally higher erosion rates in the younger
Holocene and Upper Pleistocene bedrock areas and lower erosion rates in older
Tertiary bedrock areas (Gísladóttir, 1998).
Figure 3.11: A dust storm in October 2004 moves sediment from eroded
areas west and east of Myrdalsjökull >150 km south from the coast. Image
from NASA Earth Observatory, http://earthobservatory.nasa.gov/
The soil type in south-central Iceland is predominately Brown Andosol,
with areas of Arenic and Cambric Vitrisol found on the sandur plains (Arnalds
et al., 2001). Vitrisols comprise < 1% organic carbon and support low levels of
vegetation cover (Arnalds, 2004). If vegetation does establish itself the soil can
develop into a Brown Andosol within 50–200 years (Arnalds, 2004). Most of the
vegetation covered areas in Skaftártunga are Brown Andosol (Arnalds et al.,
2001), in which both basaltic and rhyolitic tephra layers are easily distinguished
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against the orange-brown colour of the soil. Typically the level of carbon in
Brown Andosol is 12–20% and these soils are free draining (Arnalds, 2008),
however the oxidisation and lithification of Fe rich tephra layers within the
profile can obstruct drainage. Andosols tend to accumulate organic matter and
in Iceland the climate allows organic buildup in water saturated situations
(Arnalds, 2008), however this tendency is reduced where rates of aeolian
sedimentation are high.
3.5.1 Land degradation in Iceland
Since the settlement of Iceland in AD ∼870 vegetation cover has decreased
substantially and the landscape has experienced extensive and severe soil
erosion. These changes are the result of a combination of factors, including:
inherently sensitive vegetation cover and soils, climatic deterioration during the
LIA, volcanic impacts and the anthropogenic impact of grazing in a landscape
that is marginal for agriculture (Dugmore et al., 2000). Presently ∼40% of
Iceland rangelands are classified as severely eroded (Arnalds et al., 2001) and on
Eyjafjallajökull, south Iceland an estimated 90% of soil cover has been lost in
areas above 300 m (Dugmore & Buckland, 1991). It is important to note
however that despite the soil loss there is still some vegetation in these areas
and they continue to be grazed.
Prior to Landnám there was no grazing apart from geese and swans, after
Landnám the Norse settlers introduced sheep, goats, cattle, horses and pigs
(Amorosi et al., 1997; Dugmore et al., 2000). The introduction of grazing by
terrestrial mammals initiated erosion and caused an order of magnitude increase
in sediment accumulation rates (SeAR), from a pre-Landnám level of 0.2–0.3
mm yr−1 to 1–2 mm yr−1 in the area around Eyjafjallajökull, as well as
increasing the spatial and temporal variability between areas (Dugmore &
Buckland, 1991; Dugmore & Erskine, 1994; Dugmore et al., 2000). SeAR rates
have remained at high levels throughout settlement, with many areas seeing
large increases associated with climatic deterioration from the 15th century
onwards. This has been observed in terrestrial records (Dugmore & Buckland,
1991) and offshore records (Jennings et al., 2001). However these changes are
mostly observed in south Iceland, a marine core from Reykjarfjördur, north
Iceland shows no signs of landscape erosion that can be related to the impact of
settlement (Andrews et al., 2001). The increasing sediment supply due to
erosion is not necessarily due to increasing rates of areal denudation; the erosion
of deeper lowland soils has effectively increased sediment fluxes (Dugmore et al.,
2009).
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Vegetation changes affected, and were affected by, the soil loss. At the time
of settlement, total vegetation cover was around 54% (Ólafsdóttir et al., 2001),
it is now 28% (LMI, 1993). Woodlands were particularly affected. Prior to
Landnám, birch (Betula pubescens) and willow (Salix ) woodland was
widespread in areas below 300 m; the estimated woodland coverage has declined
from ∼20% to 1% (Hallsdóttir, 1987). However woodland cover was not
ubiquitous at low levels, especially in exposed coastal locations (e.g. Erlendsson
et al., 2009): its abundance has fluctuated with climate through the Holocene,
and was at a high level prior to Landnám (Erlendsson & Edwards, 2009).
Deforestation recorded by a decline in birch pollen occurs soon after Landnám
in most areas (Hallsdóttir, 1987; Gathorne-Hardy et al., 2009) but across the
landscape in general the decline took place over ∼400 years (Lawson et al.,
2007). This fits with archaeological (Church et al., 2007) and geomorphological
evidence (Mairs et al., 2006; Dugmore et al., 2007a) that by the 14th century the
small areas of woodland that survive today may have been conserved for the
production of charcoal. In general cleared woodland may have been replaced
with heterogeneous heathland plant communities; this vegetation cover is more
vulnerable to the impact of grazing than homogeneous grass sward (Gísladóttir,
2001; Dugmore et al., 2009).
Soil erosion decreased the area of land available for summer grazing, but it
is debated how this affected overall livestock production. Haraldsson and
Ólafsdóttir (2006) model total vegetation productivity and the impact of
erosion through settlement. They conclude that although soil loss did decrease
productivity, this loss was not as important as the impact of temperature on
fodder productivity in home fields. Rangeland grazing has always been plentiful
— the greatest numbers of livestock seen in Iceland were in modern times after
the cumulative effects of 1000 years of erosion.
3.5.2 Landforms associated with degradation
Typical landforms associated with landscape degradation in Iceland are erosion
spots and rofabards (Figure 3.12 and 3.14). Erosion spots are patches in which
the vegetation cover is <5%, leaving soil vulnerable to erosive processes. Over
time these may coalesce into rofabards, which are erosional escarpments where
vegetation is undercut and the escarpment retreats, leaving no or very little soil
cover behind (Arnalds, 2000). This creates a patchwork of fully vegetated and
barren areas, separated by active erosion fronts. Measurements of erosion based
on tonnes per hectare are of limited use in Iceland, and the most appropriate
measurement of degradation is the loss of vegetated mantle, measured by
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hectare km yr−1 (Arnalds, 2000). Once a rofabard has formed the un-vegetated
slopes are extremely vulnerable to erosion processes (Arnalds, 2000). Processes
controlling the rate of erosion on the slope are site specific. In north Iceland
they are dominated by wind saltation and in south Iceland by water erosion
(rills and lateral rain impact) (Arnalds, 2000; Dugmore et al., 2009). Trampling
by livestock and needle ice formation also promote erosion (Arnalds, 2000). As
the erosion front can be long relative to area (tens of km per km2), Arnalds
et al., 2001) slow rates of front erosion (1–20 cm per year) produce large losses
of vegetated area. Of importance is the density of eroding patches; if an area
develops many erosion spots that then become rofabards the area will be
rapidly stripped of soil. The development of rofabards in deep lowland
sediments is a factor in the large increases in sediment flux seen after AD 1500
(Figure 3.13, Dugmore et al., 2009).
Figure 3.12: Rofabard erosion features, Skaftártunga. Note the stripping of
> 5 m of Holocene sediments, and areas higher on the slope which now have
no soil cover and little productive vegetation
3.5.3 Models and records of soil erosion
Based on rates of erosion gathered from tephrochronological studies in Iceland
five main models of erosion have been proposed (Figure 3.15), and are discussed
in the following two sections.
Dugmore and Buckland (1991) proposed an altitudinal model of soil erosion.
Initially, ecologically sensitive upland areas are the focus of grazing (Figure
3.15). Erosion spots develop where the vegetation cover is breached; aeolian
erosion processes rapidly enlarge these and the spots coalesce into erosion fronts
which propagate down hill. The increase in exposed soil cover initiates periods
of slope wash which are first commonly observed in the sediment record in
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Those sensitive plant groups are frequent on top of 
the thufur. The combination of this species pattern 
and thufur formation in the heathland makes it an 
extremely sensitive environment (Gísladóttir 2001). 
The presence of thufur in past landscapes is shown 
by the form of tephra layers within the soil profi le 
(Dugmore and Buckland 1991), and the dimensions 
of the fossil structures are similar to those of today, 
ranging in size from 20–50 cm in height and 50–200 
cm in diameter (Thoroddsen 1914). With vegeta-
tion breaks occurring on thufur, a dense, meter-scale 
patchwork of spot erosion could form, which then 
Figure 14. An eroding soil showing the form of the slope characterised by the 21st-century profi le of Figure 15. Erosion of 
the exposed sediment undercuts the turf causing collapse. Once they have formed, comparatively low levels of grazing can 
help to maintain erosion on these slopes through browsing and trampling, particularly as sheep seek out the overhangs of 
these eroding slopes for shelter. Photograph © Gu!rún Gísladóttir.
Figure 15. Lowland rofabard development 14th–21st century AD Once rofabards have developed, small-scale lateral 
movements of the eroding face can result in large-scale sediment mobilization, a process enhanced by the thickening of the 
surviving soil profi le (Fig. 14). Figure 3.13: After Dugmore et al., 2009. The development of lowland ro-
fabards occurs generally after AD 1500, and due to the depths of sediment,
small lateral movements generate large, localised sediment fluxes.
Figure 3.14: A hillside on Búland landholding (∼ 180–240 m) shows a patch-
work of areas of continuing accumulation and areas of no accumulation forms,
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Figure 3.15: Five general models of soil erosion apply to different parts of the
historical period. Refer to text for details.
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southern Iceland after AD 1341 (Dugmore & Buckland, 1991). Spatial
differences in SeAR rates increase from AD 1341 onwards, suggesting that local
scale (tens of metres) processes become relatively more important than regional
fluxes in sediment (Dugmore & Erskine, 1994). As these ‘erosion fronts’ reach
deeper lowland soils larger volumes of sediment are released, even though the
areal change in soil cover is probably similar to or less than earlier periods
(Dugmore & Buckland, 1991; Dugmore et al., 2009), Figure 3.16. As erosion
progresses it changes the vegetation and hydrological regime at the site. Erosion
can continue with low land use pressure until all possible sources of sediment
are exhausted.
Gisladóttir (2001) argues that initial vegetation cover is a strong control on
erosion. Heterogeneous vegetation, especially heathland dwarf-shrub
communities, are more vulnerable to erosion spots forming, the first stage in
more extensive erosion. By contrast homogeneous grass sward is able to resist
higher grazing pressures.
Dugmore et al. (2009) refine the initial model of Dugmore and Buckland
(1991) by considering two additional points, the role of erosion triggers and
factors that control the propagation of erosion. The implication is that while
grazing pressure needs to be high to trigger erosion by breaking through
vegetation cover, once this cover is breached low levels of grazing will maintain
the exposures of soil, and climatic factors may be more important in
determining ongoing erosion rates in these cases (Figure 3.16, Dugmore et al.,
2009).
3.5.4 Triggers of erosion
Both climatic deterioration and grazing can trigger erosional episodes. However
the relative importance of these mechanisms in the post-Landnám period in
Iceland has been a source of debate. Ólafsdóttir and Guóðmundsson (2002)
showed that in the area around lake Mývatn, north Iceland there is little
geomorphological evidence of erosion prior to the V 1477 tephra, despite 600
years of grazing impact by this point. However climate modelling shows that
this area is not marginal so the comparatively late onset of erosion is no real
surprise (Casely, 2006). In addition high SeAR levels correspond with two
climatically cool periods prior to Landnám, which they suggest shows that
climatic deterioration is sufficient to initiate soil erosion. The alternative
explanation is that these periods coincide with major tephra forming eruptions
and this increased availability of sediment caused the observed increase in
SeAR. The formation of turf hummocks formed by cryoturbation, known as
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Figure 13. Models of landscape change: (A) pre-Landnám ca. A.D. 400, (B) ca. A.D. 920–1510, and (C) 1510–1947 A.D. 
x-y is a cross section illustrating soil thickness from the upland ice margin to the valley fl oor. In (A), shallow soils are gen-
erally associated with upland heaths (although there may be deeper sediment accumulations in sheltered areas [cf Fig. 6]). 
At lower altitudes, soils will tend to be thicker as they will be older and will have benefi ted from sediments moving down 
slope. The stepwise changes in soil cover on the fl oodplain have been created by episodic movements of the river channel. 
In (B) (AD 920–1510), change is illustrated by the two idealized cross sections of soil thickness (a dashed line for Stage A, 
and a solid line for Stage B). Areas that have maintained a vegetation cover will have also experienced profi le aggradation. 
Anomalously great sediment accumulations are proposed to have taken place in stable areas close to sources of eroding soil. 
In (C) (AD 1510–1947), two sets of cross sections are shown, one for soil thickness and one for sediment fl ux, a representa-
tion of the amount of sediment transported across the landscape. Dashed lines represent Stage B, and solid lines represent 
Stage C. The rate of movement of sediment is proposed to peak close to eroding soils and to have been at its greatest where 
the soil cover was at its deepest.
Figure 3.16: A model of post-Landnám landscape change from Dugmore
et al., 2009. Initial differen s in soil d pth re reflect d in difference in se i-
ment flux after AD 1500
CHAPTER 3. CONTEXT: POPULATION AND ENVIRONMENT 52
thufur, in cooler periods, which are potentially vulnerable to erosion is proposed
as a mechanism capable of initiating erosion without grazing.
While climatic changes were important in shaping landscape change in the
late medieval period in Iceland, modelling work indicates that they alone are
inadequate in explaining the pattern and intensity of landscape degradation
encountered in Iceland (Simpson et al., 2001; Casely & Dugmore, 2007;
Thomson & Simpson, 2007). While tephra fall and bad weather are able to
initiate erosion spots without human impact, over the last 1200 years the
primary trigger has been grazing — either over grazing or trampling killing
vegetation and creating erosion spots. Modelling of vegetation productivity
calculates that total biomass productivity in the regions of Eyjafjalljökull and
Mývatnssveit would have been sufficient for known livestock stocking densities
(Thomson & Simpson, 2007). Therefore the impact of grazing is primarily
dependant on livestock management decisions on overall stocking density,
grazing duration and timing and livestock type (Dugmore et al., 2009, pg 15).
Simpson et al., (2001) show that grazing outside the growing season is highly
damaging (Figure 3.15), and although management codes (such as the Grágás
law codes) regulate grazing on common land, year on year climate variability
made it difficult to prevent overgrazing. The pressure on common land is also
dependant on wider management decisions such as the production of sufficient
amounts of fodder for livestock over winter. A shortfall in the production of
fodder would force farmers to put livestock out to pasture earlier than is
prudent.
A key livestock management decision that has consequences for erosion is
the widespread practice of winter grazing. The process of winter grazing
livestock in order to preserve hay stocks for cattle, is common throughout
Iceland, especially in the milder south where rangelands are often snow free for
much of the winter (Adalsteinsson, 1990). Winter grazing is potentially very
damaging because the grass does not grow in this period. Simpson et al., (2004)
specifically look at the impact of winter grazing on SeAR and soil
micromorphology in Mývatnssveit, north Iceland. They find that initially after
Landnám winter grazing areas have higher SeARs, but that after AD 1200
SeARs decrease as better management techniques are used.
3.5.5 Impact of tephra fall on landscape stability
Tephra fall affects a landscape’s susceptibility to erosion. The impact is
dependant on the depth of tephra, season of tephra fall, particle size and the
underlying vegetation cover. In some cases thick tephra fall coincides with the
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stabilisation of landscapes, but this effect is more probably due to the eruption
triggering settlement and or land management change (Edwards et al., 2004;
Dugmore et al., 2007a). Thórarinsson (1961) noted that in Þjórsárdalur after
the Hekla AD 1104 eruption, farms within the 10 cm isopach of tephra fall were
permanently abandoned. However tephra fall thinner than vegetation cover may
act to promote grass growth, through the smothering of competition, and the
insulating effect provided by the tephra. The implication is that tephra falls of
< 10 cm do not appear to affect long term settlement or to destabilise slopes,
and may in fact benefit taller vegetation. This is supported by data from this
study, which shows that where tephra depth is <10 cm, there are signs of
post-depositional reworking in 3.7% of stratigraphic units after the tephra,
while where tephra depth is >10 cm, there is post-depositional reworking in
42% of stratigraphic units after the tephra.
3.6 Key points
• The ‘Black Death’ affected most of Europe and altered land use strategies
for a period of 200 years. It occurs twice in Iceland in AD 1402–1404 and
AD 1494, killing around 30% of the population on each occasion. The
plague was one of a series of demographic declines in Iceland, with
declines of ∼20% occurring three times in the 18th century.
• Indicators of reforestation of abandoned land and a change from intensive
to extensive land use have been observed in palynological records from
across Europe in the period AD 1350–1400.
• Skaftártunga is a well constrained geographical area that has been affected
by the impact of frequent volcanic eruptions, the most severe of which are
Eldgjá in AD 934-940 and Laki in AD 1783.
• Climatic changes in Iceland can be summarised as a relatively warmer and
more stable than average climate in AD 500–1300, and a subsequent
deterioration into the LIA which occurred over the period of AD
1300–1500. The LIA was on average cooler and stormier, but with high
variability on the scale of decades. The 15th century when the plagues
take place was a period of rapid climatic deterioration.
• Iceland’s vegetation and soil cover has been extensively modified by the
impact of grazing over the past 1200 years. Although climate can trigger
erosion, over the past 1200 years most erosion has been triggered by the





Tephrochronology, a method based on the identification, correlation and dating
of volcanic ash (tephra), is a powerful tool for chronological control and for
investigating past episodes of landscape change (Thórarinsson, 1944; Dugmore
et al., 2009; Lowe, 2011). To maximise the information that can be extracted
from stratigraphic sections it is important to be able to correctly identify as
many tephra isochrones as possible so that the highest resolution sequence is
extracted; this is especially important for periods of rapid environmental
change. Aeolian sediment accumulation rates (SeAR) can be used as proxy for
soil erosion in Iceland (Thórarinsson, 1961; Dugmore et al., 2009), so it is
important measurements are as precise as possible and can capture variability
in the stratigraphy. Dating multiple sections allows the tracking of variations
spatially across a landscape.
This chapter describes methodologies used to collect field data. Primary
data was collected in three field seasons: July-August 2008 and 2009 and June
2010. The tephrochronology was established by linking field measurements to
chronologies in the literature, major element geochemical analysis of key
sequences and the dating of tephra layers of unknown age based on inter-calated
sediment accumulations from tephras of known age. Techniques used for
recording sediment accumulations are discussed, including the development of a
photogrammetric based approach to recording soil sections which increases the
number and precision of measurements.
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4.2 Establishing a tephrochronology
The first stage of building a tephrostratigraphy is the identification of primary
layers within sequences, as opposed to reworked tephra which may be
diachronous and therefore of limited utility for dating. This was done by
referring to published chronologies, selective geochemical analysis and field
mapping of layers in multiple sections (Figure 4.1). Field observations of the
tephra provide information which assists in determining if a layer is primary
fallout. Primary fallout tephra usually has a distinct colour from surrounding
sediment, a sharp contact at its base and no internal bedding features.
Geochemical analysis of tephra can also help to distinguish the difference
between primary air fall deposits and reworked secondary material. The
presence of weathered shards and a heterogenous chemical composition
indicates that the layer is probably reworked material, therefore the
stratigraphy it defines is not contemporaneous with the tephra forming eruption
and the layer is not necessarily an isochrone (Boygle, 1999).
While tephra deposits from large eruptions can be expected to occur in
most profiles, tephra from smaller eruptions or tephra at the margin of its
contiguous distribution may only be found infrequently in sections. However the
identification of these layers is important. Firstly firm identification prevents
confusion between these layers and other primary fallout deposits within the
sequence, a particular problem where a tephra layer at the margins of its known
distribution is well expressed and a similar tephra well within its known
distribution is poorly expressed. Secondly if the marginal layer can be positively
identified it can be added to the chronology. A particular challenge was the
mapping and identification of two tephras from the Grímsvötn volcanic system
in the 15th century. These have been published from single sections and in
composite chronologies (Larsen, 2000; Óladóttir et al., 2005), but have not been
mapped because of the small number of sections where they have been found
(Guðrun Larsen, personal communication).
Once primary fallout layers are identified they can then be correlated to a
particular volcanic eruption. As the composition of magma varies between
volcanic systems major element geochemical analysis of shards of tephra allows
the identification of the source volcanic zone. However in most cases major
element analysis is unable to distinguish tephra to the specific eruption, as in
Iceland many tephras from different eruptions have similar major element
compositions (Larsen & Eiríksson, 2008b).
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Figure 4.1: Steps to establish a tephrochronology in the field based on an ex-
isting tephrochronology. Field identification and selective geochemical analysis
is used to correlate tephras to particular eruptions. Tephras which are not in the
literature are identified either as extensions of existing distributions, un-mapped
tephras or reworked older material.
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4.2.1 Mapping of tephras
The tephrochronology of Iceland over the Holocene is well known (Larsen &
Eiríksson, 2008b) and for Skaftártunga in particular (Thórarinsson, 1958;
Larsen, 1984; 2000; Larsen et al., 2001; Óladóttir et al., 2005). The challenge
was to translate the published chronology and reference sections into a wider
chronology for the area across a wide range of geomorphic conditions and
depositional environments. One approach is to look for reference sections which
might be expected to have a particularly complete record of tephra fall (Figure
4.1, step 1). However because of reworking a composite overlapping record is
also necessary (Boygle, 1999). Key ‘marker horizons’ — easily field identifiable
tephras that cover the entire study area — were identified from the published
chronologies (Figure 4.2 and 4.3). These were L 871±2, E 935, H 1206, K 1262,
K 1416, K 1625, K 1755 and K 1918. Tephras were identified on the basis of




















Figure 4.2: Main axis of fallout for post-Landnám silicic and intermediate
tephras found in Skaftártunga (boxed region). Based on Larsen et al., 1999;
2001.
4.2.2 Major element geochemical analysis
Major element geochemical analysis is a widely used, relatively low cost
technique that makes it possible to distinguish the volcanic provenance of
tephras on the basis of their elemental composition (Lowe, 2011). However
within Iceland the geochemical composition of source areas overlap (Larsen &
Eiríksson, 2008a), and there are often multiple tephras from the same volcano
within a sequence, so geochemical analysis alone may not be diagnostic
(Westgate & Gorton, 1981). The combination of geochemical analysis and a


























Figure 4.3: Main axis of fallout for basaltic tephras found in Skaftártunga
(boxed region) since AD 870. Based on Larsen, 2000.
tephra layer’s stratigraphic position gives a better chance of correlating a
particular layer with an eruption. The number of profiles recorded (200) and
number of tephras identified (2625) means that geochemical analysis was
impractical for more than a few tephras from key profiles. It was used here to
confirm that field identified stratigraphy in reference sections matched that
published by (Larsen, 2000; Larsen et al., 2001; Óladóttir et al., 2005) and to
clarify the complex stratigraphy of the 15th century which has five tephra layers.
Sampling locations
Sites for sampling were chosen based on a wide geographical coverage because
thin tephra layers can have a patchy distribution, and stratigraphic sections
sampled are displayed in Section 5.2, Table 5.2. Sampled sites had high sediment
accumulation rates which clearly separates chronologically close layers, and sites
that showed signs of fluvial reworking were rejected. Sampling was concentrated
on layers which were harder to differentiate based on their field characteristics,
especially layers from the 15th century which were sampled over a wider range of
sites because this time period was critical to the project. In two reference
profiles (profiles 17 and 20) most post-Landnám tephra layers were sampled.
The majority of samples (30) were collected in 2008, with further samples
taken in 2009 (6 samples) and 2010 (7 samples) to confirm sequences where the
chronology was unclear. Samples were collected using a clean spoon from the
base of the tephra layer to ensure only primary air fall tephra was collected.
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They were then bagged and labelled along with field interpretation of the
tephra.
Slide preparation
Samples were visually checked to see what proportion of tephra they contained.
As Skaftártunga is close to the volcanic systems which are the source of the
tephras found and samples were only collected from clean stratigraphic sections
they all contained nearly 100% tephra, so it was deemed unnecessary to clean
them further. Slides were prepared using the techniques outlined in (Dugmore
et al., 1995b) and following the guidelines on slide preparation from the Natural
Environment Research Council (NERC) Tephra Analytical Unit
(http://www.geos.ed.ac.uk/facilities/tephra/). Glass slides were frosted on one
side before sample areas were marked out using a pencil. Samples were then
floated in water before being placed on the slide using a dropper and dried.
Araldite resin and hardener was mixed in with the sample to fix it to the slide
and heated to 80 ◦C for one hour to cure the resin. Once all the samples were
fixed they were sanded using progressively finer grade abrasive paper (180, 400,
800, 1200 and 1600), making sure that sample thickness did not go below 0.1
mm. This stage exposes the glass shards for cross section analysis. The slides
are then cleaned in a solution of petroleum ether in a beaker in an ultrasonic
(USM) bath for 10 minutes to remove any loose material. The slide was then
polished for 10 minutes with 6 µm diamond paste, cleaned in the USM for a
further 10 minutes, and then polished for 10 minutes with 1 µm diamond paste.
At this stage the samples are checked under an optical microscope with both
reflected and transmitted light for scratches which can affect analysis totals. If
scratches are found the slide is polished until scratches are removed. When this
is satisfactory it is cleaned again in the USM bath for 10 minutes. The slides
were then carbon coated at the analytical facility in order to distribute the
charge during analysis (Reed, 1993).
Microprobe analysis conditions
The samples were analysed in three separate trips to the NERC Tephra
Analytical Unit at the University of Edinburgh. They were analysed on a
Cameca SX100 electron microprobe using the analytical protocols from
Dugmore et al. (1995b). Before each batch of analysis the machine was
calibrated to known standards (see Appendix C). Each analysis measured the
percentage weight of Si, Al, Ti, Fe, Mn, Mg, Ca Na, K and P. The analysing
beam used a current of 2 nA, an accelerating voltage of 15 kV and a beam
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diameter of 10 µm. 10 shards were selected visually for analysis by selecting for
unweathered shards, a lack of crystalline inclusions and a lack of vesicles,
although for several samples less than 10 analysis were successful. Raw EMPA
totals of < 95 wt% were discarded (Hunt & Hill, 1993). After analysis samples
were compared with published geochemical compositions for tephra from
Icelandic volcanic systems, using TEPHRABASE (www.tephrabase.org and
published analysis Jakobsson, 1979; Larsen et al., 1999; 2001; Óladóttir et al.,
2008; 2011a). Binary plots of oxides (TiO2 vs CaO, FeO vs TiO2, SiO2 vs
FeO/TiO2 and K2O vs TiO2) were used to compare the measured compositions
to known compositions for that tephra. Analysis results are presented in Section
5.2.
4.2.3 Dating tephra layers
The majority of tephra layers found post-Landnám in Iceland are from eruptions
which have been correlated to the historic record (Thórarinsson, 1944; 1967, e.g.
the eruption of Hekla at 9 am on the 19th of May in AD 1341) but prior to AD
1500 the recording of eruptions is less reliable due to fewer written records —
especially for small eruptions located far from habitation. In this area two
tephra layers from eruptions at Grímsvötn between AD 1416–1477 were
undated. To date tephra layers of unknown age it is possible to use radiocarbon
dating of organic material associated with the layer (e.g. Dugmore et al., 1995a;
Larsen et al., 2001), radiometric dating (Naeser et al., 1981; Lowe, 2011), the
counting of annual layers in ice caps (Steinthorsson, 1977; Gronvöld et al., 1995;
Zielinski et al., 1995; Larsen et al., 1998; Vinther et al., 2006) and sediment
age-depth models inter-calated from tephras of known age (Óladóttir et al.,
2005; 2011b). Radiocarbon analysis is reliant on rapidly accumulating organic
deposits which are missing in this field area. Radiocarbon can at best give age
uncertainties of ±12 years (i.e. for the Hekla 4 tephra, Dugmore et al., 1995a),
which limits its use when tephras are chronologically separated by 20–30 years.
Grímsvötn eruptions have been dated with relative precision from tephra within
Vatnajökull ice cores (Steinthorsson, 1977; Larsen et al., 1998), but because it is
not generally possible to distinguish individual eruptions by their major element
geochemistry it is difficult to match these records with stratigraphic sequences
surrounding Vatnajökull. Previous applications of sediment age-depth models in
Iceland have large uncertainties associated with them (±250 years, Óladóttir
et al., 2005) and are based on small numbers of measurements between
radiocarbon dated pre-Landnám tephras. Age-depth dating was selected as the
best method because sedimentation rates were high and the collection of large
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numbers of measurements of sediment accumulation would reduce uncertainties.
To estimate the age of the undated tephras from Grímsvötn (layers G 1 and
G 2) two sediment profiles (Profiles 153 and 179) with undisturbed high rates of
aeolian accumulation and even tephra layers were selected. High sedimentation
rates (on average 0.55 mm yr−1) ensure the separation of layers which are
closely spaced chronologically, and the age gap between known marker horizons
was small (61 years). Single measurements of accumulation to relatively poor
accuracies (±2.5 mm) have significant errors associated with them.
Photogrammetric measurements (Section 4.3.4) were used to collect 985
measures of accumulation between K 1416 and G 1 and 975 measurements
between G 2 and V 1477. Measurements were to ±1 mm precision from open
sections 1 m wide. Since sediment accumulation rates vary greatly in the
historical period (Dugmore & Buckland, 1991; Dugmore et al., 2009) profiles
were selected where SeAR showed stability over the period between the tephras
of K 1262 and H 1597. An age depth model was constructed based on linear
accumulation rates between K 1416 and V 1477. This provided an age estimate
for each layer based on its distance from layers of known age (K 1416 and V
1477 for upper and lower Grímsvötn layer respectively). Standard
measurements (±2.5 mm, Section 4.3.3) from profiles where all four layers were
found were used to provide an independent estimate. This should be less
susceptible to changes in sedimentation rates within the profile as measurements
are compared between profiles. The accuracy of this technique was tested by
dating layers of known age. The K 1262 layer was dated by inter calculating its
age from the tephras H 1206 and H 1300. This provided an age of AD 1264 ±10
(mean ±1σ, n=97) which demonstrates that even at low measurement
resolutions it is possible to date tephras with SeAR methods at precisions
comparable to radiocarbon dating.
The advantages of using multiple measurements is that the statistical
robustness of the age estimate can be calculated, a component which is missing
from most age depth models used to date tephra layers in sedimentary sequences
so far. Although age estimates gathered using this method could be improved in
the future, the advantage of tephrochronology is that the relative relationships
in the sedimentary sequence still hold if the dating of the layers was improved.
4.3 Measurement of sediment sequences
As sediment accumulation rates have been used extensively to record and
quantify landscape change in Iceland (Dugmore & Buckland, 1991; Dugmore &
Erskine, 1994; Dugmore et al., 2000; Simpson et al., 2001; Dugmore et al., 2009)
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it is important that measurements are made to the highest possible precision
and accuracy. In this section the methods used to gather both standard
stratigraphic measurements and a new application of photogrammetric
techniques to measuring soil sections are described.
In addition to measurements of sediment accumulation other characteristics
within stratigraphic sequences can provide additional information. Tephra
depth can be used to map primary fallout and also to infer depositional
processes. The presence of sand, gravel or reworked tephra layers implies fluvial
activity. Structures within the tephra layers themselves such as thufur show
periods of high grazing or poor climatic conditions. Gaps in the tephra can
indicate the presence of woodland vegetation at the time of tephra fall.
4.3.1 Advantages of measuring to high resolution
The combination of multiple vertical measurements of accumulation from
different sections located in both similar and contrasting parts of the landscape
has helped to reveal important patterns of landscape change in Iceland (e.g.
Dugmore et al., 2009). Although the process of aeolian erosion of soils in
Iceland is driven by wind, rain and frost, and the intensities of these natural
processes vary across the landscape, it is apparent that major differences in
landscape instability are driven by land use (Simpson et al., 2001; Gísladóttir,
2001; Dugmore et al., 2009). Broad patterns can be distinguished using
comparatively low resolution measurements, typically ±2.5 mm, if they are
considering periods of century-scale duration and accumulations of tens of
centimetres of sediment. The frequency of volcanic eruptions in Iceland and the
utility of the tephrochronological record mean that more subtle variations
taking place at decadal scales may also be considered. At higher resolutions,
critical for the examination of human-ecodynamics, a key question is how best
to distinguish environmental signals from background ‘noise’.
Multiple measurements go some way towards addressing this problem,
providing measures of the central tendency of the sediment accumulation data
which can be considered representative for the measured sections. Many manual
measurements can be recorded to ±1 mm, with typically 50 measurements per
layer. This approach gives data more amenable to statistical analysis: however,
it is time consuming. Using photogrammetric techniques (Section 4.3.4)
thousands of precise (±1 mm) measurements may be collected per profile
relatively easily. Typically 200–500 measurements of sediment accumulation rate
can be made per layer, compared to one using conventional logging techniques,
or 50–200 using labour intensive manual field measurement techniques (Figure
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Figure 4.4: Traced photograph of stratigraphic section (profile 179), south
Iceland, showing large variations in depths between tephra layers and illustrating
different recording techniques used. There is great variability in the thickness of
tephra and the sediment between over cm scales, therefore measures of thickness
based on small numbers of measurements are unlikely to be representative.
4.4). This expansion in number and density of measurements is highly
significant. Summary statistics of sediment accumulation rate can be created
that are more representative of actual sediment accumulation rate. This allows
greater confidence in identifying subtle variations in landscape trajectories
which either go unnoticed or are masked by inaccuracies in manual recording
techniques. Better measurements of tephras in sediments may reveal aspects of
tephra taphonomy. This could inform the understanding of processes acting on
tephras before and after they are incorporated into the stratigraphic record.
4.3.2 Selecting profiles
Once the chronology was resolved profile locations were located in order to
investigate specific landholdings, landscape units and altitudes. The
landholdings of Hrífunes, Flaga, Hilð, Búland, Snæbýli and the area
surrounding the abandoned sheiling site of Búlandssel was targeted, as well as a
large area (100 km2) of communal grazing. Profiles were recorded down to the
Landnám tephra where possible, with 12 sections recorded to pre-Landnám
tephra layers in order constrain pre-settlement environmental change. Profiles
were mostly located on the edge of active eroding soil sections in order to
minimise the impact of digging. Where possible two or three profiles were
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located within 100 m of each other to try and determine the effect of localised
sediment sources on sediment accumulation. Some profiles were recorded in
recently dug ditches on the landholdings of Snæbýli and Hilð. These areas are
often in home fields which tend to have little exposed soil, so are under
represented in the sampling strategy. An additional advantage is that by
digging directly into the soil structure these profiles do not have any SeAR
increases as a result of their proximity to an eroding front.
4.3.3 Standard measurements
Sections were cleared to a minimum width of 50 cm, but in most cases 100 cm.
This was important because the thickness and the presence or absence of tephra
layers can vary over short distances due to both depositional effects at the time
of the eruption such as vegetation (Dugmore et al., 2009) and also due to
post-depositional reworking for instance by cryoturbation processes (Kirkbride
& Dugmore, 2005). The section was cleaned to make it as clear as possible.
Profiles were logged from the surface down to a resolution of ±2.5 mm. For each
tephra and sediment section the particle size, colour and thickness were noted.
Particle size was estimated from field characteristics and classified according to
Table 4.1. Where thickness varied substantially a representative thickness was
selected and the range of depths noted. Tephra layers were identified to source
and age as far as possible at this stage (Figure 4.5). In addition, other
characteristics were noted such as the presence of erosional surfaces, reworked
tephra layers, evidence of fluvial erosion and the presence of cryoturbation
features such as thufor. Finally a location using GPS and an altitude for the
section was recorded. If the section was suitable for photographic measurements
(Section 4.3.4) these were taken in addition to standard measurements in field
seasons in 2009 and 2010. In some areas multiple measurements of
accumulation were recorded across a section face. Typically 50–100
measurements at ±2 mm were recorded at 1 cm intervals for comparison with
and to supplement measurements gathered using photogrammetric techniques.
Table 4.1: Classifying particle size
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Figure 4.5: Tephra were field identified based on their colour, which changes
with increasing SiO2 content from black (Katla), through brown (Grímsvötn),
olive-green (Veiðivötn), blue-grey (Hekla), yellow-white (Hekla) to white (Öræ-
fajökull). Photo from profile 151.
4.3.4 Photogrammetric measurement
Photogrammetric techniques are used to provide accurate spatial 2-D and 3-D
measurements in geomorphology at long and close distances (Chandler, 1999;
Pike, 2000). The availability of high specification, commercially available digital
cameras means that these have replaced the more expensive calibrated cameras
for many applications where cost, convenience and portability are issues.
Although not as accurate or stable as calibrated metric cameras, commercially
available cameras have been used successfully in many scientific applications
and as resolution increases and prices decrease their accuracy increases and in
some cases matches that of metric cameras (Chandler, 1999; Ahmad A, 1999;
Wackrow et al., 2007; Rieke-Zapp et al., 2009). They are also typically smaller
and more portable which is useful in remote field areas where large metric
cameras and their rigging would be hard to transport (Rieke-Zapp et al., 2009).
Self calibration packages allow the quantification of unknown internal camera
geometry (Bouguet, 2000). Precision depends on the application but is
generally < ±1 mm for close range images. The use of photogrammetric
techniques for geomorphology is an expanding field but most applications so far
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have been in capturing 3-D surfaces (Chandler, 1999). 2-D imaging is more
straightforward and is of potential use for applications which may previously
have dismissed these techniques because of cost or complexity. Cameras are
seen as an aid to qualitative approaches, but are not often considered part of
the measuring equipment carried in the field (Rieke-Zapp et al., 2009). Here
photogrammetric techniques are applied to the problem of collecting many high
resolution measurements of sediment thickness at a greater possible accuracy
than previously.
Field collection of images
Sections which could be easily widened and had a suitable platform for
photographing were selected. The face was cleaned back to present a flat surface
and made as vertical as possible. Sections were cleared to a minimum width of
50 cm. Excess roots were trimmed back. The tripod and camera were located
1–2 m away from the face of the profile, and the axes of orientation were
perpendicular to the section face (Figures 4.6 and 4.7). A spirit level attached
to the top of the camera ensured that it was level. Square 10 cm plastic targets
were used to set the scale for each photograph. At least two targets were
attached to the face of the profile to check the scale was constant over the
image. A sediment log of the profile was made to a resolution of ±2.5 mm, for
the identification of tephra layers. For a subset, multiple measurements to a
precision of ±2 mm were recorded for direct comparison with measurements
obtained from the photographs (Figure 4.4).
90°
Side view Plan view
90°
1-2 m
Figure 4.6: Camera orientation for photographing soil sections.
The camera used was a Canon EOS 1000D digital single-reflex (DSLR)
camera, used with a Canon EF 28mm f/2.8 lens and mounted on a tripod.
DSLR cameras are a suitable choice because they produce high quality photos
and can capture more light than compact cameras. This lens allowed the
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photographing of a wide section of soil at distances of under 3 m from the
profile. This characteristic was essential as erosional faces often slope away
sharply so at distances of greater than 3 m away from the section face it would
not have been possible to place the tripod. Lenses with a focal length of less
than 24 mm should be avoided because of large radial distortion. Fixed focal
length lenses are preferable because distortion produced by the lens is more
predictable, however zoom lenses can be used if care is taken to quantify the
internal geometry (Chandler et al., 2005).
Figure 4.7: Photograph of set up used for photographing stratigraphic sec-
tions. White plastic squares attached to section face are markers for scale.
Camera calibration and measurement of sediment accumulation
Non-metric cameras should be calibrated before use in photogrammetric
applications (Chandler, 1999; Wackrow et al., 2007). This quantifies distortion
caused by the lens (radial distortion) and internal camera geometry, which
introduces systematic errors. The Camera Calibration toolbox for the program
MATLAB was used to calibrate the camera and lens combination used in the
field (Bouguet, 2000). This software runs a form of self-calibrating bundle
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adjustment to determine the internal geometry of the camera and the lens
distortion, based on a series of calibration images. The average pixel error for
this camera and lens combination was x ±1.12, y ± 1.29, with distortion much
greater at the edges of the image than the centre (Figure 4.8). At the scales
typically used in this study (2–4.5 pixels/mm) this gives a distortion error of x
± 0.26–0.60 mm and y ± 0.27–0.64 mm. The internal characteristics of the
camera set up are able to produce results of < ±1 mm at 2 m from the profile
face.
Pixel error                      = [1.199, 1.291]
Focal Length                 = (5114.59, 5101.85)
Principal Point               = (1966.72, 1242.63)
Skew                              = 0
Radial coefficients         = (-0.02877, -0.4705, 0)




+/- [0.04638, 0.6917, 0]
+/- [0.002341, 0.003072]

























Figure 4.8: Total camera distortion (sum of radial and tangental distortion)
from the MATLAB camera calibration toolbox (Bouguet, 2000). Distortion in
the centre of pictures is low but significant at the edges. To minimise distortion
only measurements > 500 pixels from the image edge should be used.
Photos were taken in RAW format at 3906 x 2602 resolution and adjusted
for contrast and white balance using Adobe Photoshop and then converted to
JPEG. In some cases the sharpening function was used to enhance the visible
contrast between layers. After initial processing measurements were taken using
the imaging software ImageJ (http://rsbweb.nih.gov/ij/). A plugin was written
for the software which allows the user to trace a layer visible on the photo and
the x1y1 coordinates are saved for all points along the line. Further details and
the source code is in Appendix A. The user then traces the base of the next
tephra layer, saving these x2y2 coordinates. y1 − y2 is calculated in pixels where
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x1 = x2. Where values of x1 ￿= x2 no distance is recorded. The scale was
determined from the mean of 10 measurements of plastic scale targets in pixels.
Scale was calculated individually for each image, as the distance between the
camera and section varied dependant on site conditions.
4.3.5 How many measurements are necessary?
The number of measurements required to gain a representative measure of the
mean depth of a sediment depends on the variability in depth at the scale of an
individual profile (10–100 cm). Measurements of sediment thickness between
tephras in this study show that this variability generally increases with the





















































































































Figure 4.9: Variability in accumulation depths between tephra layers at cm
scale increases with increasing depth between tephras.
The number of measurements needed to get representative mean values to a
95% confidence interval for different levels of variance can be calculated simply
by using a formula based on central limit theory, which is n = 16σ2/W 2, where
W is the width of the confidence interval in units (in this case mm). Although
the distribution of thicknesses measured is not normally distributed this
approach gives an approximation of the number of measurements needed
(Figure 4.10). Based on 132 measurements of sediment depth which give a mean
standard deviation of 5.8 mm, 22 measurements are needed to have 95%
confidence in the mean to ±2.5 mm (Figure 4.11).
In practice single measurements are not randomly selected so accuracy can
be higher, but in the samples here 17.5% of single measurements fall outside the
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Figure 4.10: Probability density histograms of photogrammetric measure-
ments from Profile 153. Bold vertical lines show the mean of the measurements.
Note the wide range of variability that measurements are trying to capture.
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Figure 4.11: Number of measurements required at two levels of accuracy at
95% confidence level for different levels of variability in the thickness of the
measured layer. Broken line indicates measured average SD for measurements
of sediment accumulation in this study, showing nearly 150 measurements are
needed for a 95% CI of 2 mm.
95% confidence interval of the corresponding photographic measurement. This
shows the range of variability that the single measurement is trying to measure.
If a single measurement is collected with skill it could be representative,
however there is a high probability that it is not. Therefore multiple
measurements offer a more robust approach.
4.3.6 Comparing measurement techniques in the field
To compare the different measurement techniques 27 stratigraphic sections
(Figure 4.12) were recorded using standard single measurement logging
techniques, repeated field measurements (typically 15 per layer) and
photographic techniques.
An example is presented of measurements of a section of sediment from one
profile using three different techniques: a single standard measurement, many
detailed measurements and photographic measurement (Table 4.2). Based on
over 100 comparisons of measurements between layers using both standard and
photographic techniques there is no indication of systematic increases in
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Figure 4.12: Location and profile numbers of stratigraphic sections recorded
using photogrammetric techniques.
difference with increasing depth of stratigraphic measurement (Figure 4.13).
Increasing variability in sediment accumulation between layers also does not
increase differences in the depth recorded by each technique (Figure 4.13). The
average difference between standard and photographic measurements was ±22%
of the measured distance. The average difference between detailed
measurements and photographic measurements is ±15.4% of distance, this
decreases to <10% when over 50 measurements were taken. Making many
measurements in the field is time consuming but produces figures which are
close to those generated using photographic techniques, which indicates that
photographic measurement produces results which are close to the true
sediment accumulation.
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Table 4.2: Comparison of measurements using three different approaches
















Single 1 15 2.5 - - 2.19 0.56 29.20
Multiple 141 10.83 2 2.14 4.28 0.18 0.40 1.66
Photo 454 10.82 1 2.19 4.38 0.10 0.40 0.92














































































Figure 4.13: The graphs show the percentage difference between standard
measurements (± 2.5 mm) and photographic measurements (±1 mm) with
(A) increasing variability in thickness defined as 1σ as a % of mean sediment
accumulation and (B) mean distance between tephra layers (mm). The graphs
show that there is no systematic change in the variation of measurement and
thickness measured. Thinner layers are measured to a similar level of certainty
as thicker layers.
For short time intervals and depths of 5–50 mm the errors produced by only
single measurements have a large enough effect on calculated sediment
accumulation rates (SeAR) to change the interpretation (Table 4.2), especially
where trying to correlate human events of brief duration with a record that is
precise but unevenly spaced. Over greater depths the errors produced by
inaccuracies in measurement reduce in relative terms. Detailed measurements
reduce the likelihood of measurement artefacts occurring in the data, for
example where there are sudden spikes where SeAR changes by more than 25%
for short (< 50 year) periods. These spikes were visible in the standard
measurements of several profiles but did not exist in the photographic
measurements. This is of importance when trying to correlate changes in SeAR
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with external events, which may be expected to only produce relatively small
changes, compared to the very large landscape changes seen in upland areas in
the 16–20th centuries (e.g. Thórarinsson, 1961; Dugmore & Buckland, 1991). By
combining measurements across several profiles (e.g. Mairs et al., 2006) it is
possible to build up an accurate SeAR regional picture, but for detailed
comparisons of relatively small changes across smaller numbers of profiles many
measurements per profile are needed.
This technique cannot be applied the recording of all stratigraphic sections
because the quality of the tephra record is variable. Some parts of the record
are particularly suitable to high resolution analysis (such as the 10th-17th
centuries) but other parts are not — in the case of this study the post 17th
century record and the pre-Landnám record. This is due to an increasingly
variable expression of tephra layers that become patchy and irregular with
diffuse margins. In the post 17th century record root penetration can be
significant and comprise more than 10% of the profile. Roots create variability
in tephra layers that could go in time as profiles aggrade, root frequency reduces
and existing roots decay. In pre-Landnám sequences aeolian sediment
accumulation rates are lower, sediments exhibit weathering profiles and woody
vegetation with substantial roots and stems was more frequent. In these cases
representative measurements to within 5 mm are as precise as the record will
stand without the generation of a spurious sense of accuracy.
4.4 Key Points
• A combination of field identification of tephras, mapping and selected
geochemical analysis are used to apply a known tephrochronology to the
field sites.
• Age estimates for tephras based on well constrained age depth models and
multiple measurements provide estimates of comparable or better
resolution than radiocarbon dating.
• Photogrammetric techniques applied to the collection of measurements of
sediment accumulation increase the accuracy and precision of
measurements. Variability in sediment accumulation at the cm scale
means that multiple measurements are necessary in order to acquire





This chapter summarises fieldwork data collected in Skaftártunga. Firstly the
tephrochronology for Skaftártunga (based on Thórarinsson 1958; Larsen 2000;
Larsen et al. 2001; Óladóttir et al. 2005 ) including the results of geochemical
analysis is presented. Two tephras from Grímsvötn in the 15th century are
mapped for the first time and age estimates of AD 1432±5 and AD 1457±5 are
calculated from multiple measurements of sediment accumulation rates. The
terrestrial isopach of primary fallout for H 1104 is extended and an additional
tephra from Grímsvötn is identified and dated to AD 1140–1180. Stratigraphic
sections are presented, split into geographical areas based on landholdings. Full
locations of profiles are provided in Appendix B, and full geochemical results for
sampled tephras are included in Appendix C, while Appendix D contains the
sediment accumulation rates for all profiles.
5.2 Chronology
The identification and mapping of all identifiable tephra layers is crucial to
building the best possible chronology with sufficient detail to tackle periods of
rapid environmental change. The Skaftártunga area to the east of Mýrdalsjökull
has one of the most complete terrestrial sediment tephra records found in
Iceland, extending back 8.4 ka (Óladóttir et al., 2007). Its proximity to the
volcanic system of Katla (27 km) means that Katla is the source of the majority
of tephras found here, but there are also tephras from the volcanic systems of
Hekla (60 km), Veiðivötn (60 km), Eldjgá, (24 km), Öræfajökull (100 km) and
75
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Grímsvötn (90 km) present (Thórarinsson, 1958; Larsen, 2000; Larsen et al.,
2001; Óladóttir et al., 2005; 2008), Table 5.1. The stratigraphy and major
element composition of the Katla tephras in Skaftártunga has been explored in
detail (Óladóttir et al., 2005; 2008).
The chronology presented develops published chronologies because this
study is based on a larger number of profiles and is able to identify four
additional tephras. In total 2625 tephra layers are identified from 200 profiles.
The mean depth from the surface of the Landnám tephra is 110 cm, and an
average of 13 post-Landnám tephras are identified in each section. The
summary chronology of post-Landnám tephras and selected key pre-Landnám
tephras is shown in Figure 5.1. The following sections describe the profiles
sampled and the summary geochemical results. In total 38 samples were
analysed during three separate sessions on the EMPA microprobe at the
University of Edinburgh Tephra analytical unit. Full results of the geochemical
analysis are provided in Appendix C and binary plots of oxides are provided
here. Table 5.2 details the profiles from which layers were sampled and provides
a reference to the appropriate stratigraphic diagram.
Table 5.1: Volcanic source of post-Landnám tephra
Volcanic system Percentage of tephra layers






In order to constrain pre-settlement SeARs 12 stratigraphic sections were
recorded below the Landnám tephra to find distinctive dated tephras (Table
5.3). Most of these sections were recorded as far as two silicic Katla tephras
with characteristic needle grain morphology (Larsen et al., 2001). Silicic Katla
tephras (SILK) are the least common type of tephra from Katla. They have a
SiO2 content between 63–67% as opposed to basaltic Katla tephras which have
a SiO2 content of 38–43% (Larsen et al., 2001). These layers are found at more
than 3 m depth from the surface, and their thickness is 20 mm. Geochemical
analysis on two samples from profiles 135 and 147 confirm the tephras sampled
are SILK-UN (Figure 5.2, Larsen et al., 2001). The Hekla H-S tephra layer was

















































Fine (<0.2 mm) basic, black tephra
Coarse (0.2-2 mm) basic, black tephra
Very coarse (>2 mm) basic, black tephra
Coarse (>2 mm) silicic, white, yellow-white tephra
Fine (<0.2 mm) silicic, white, yellow-white tephra
Fine (<0.2 mm) intermediate, olive-brown, 
grey-brown, blue-grey tephra






Figure 5.1: Composite post-Landnám tephrochronology of Skaftártunga,
modified from Larsen, 2000. Tephra layers on the right hand side were found
less frequently while those on the left were found more frequently.
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Table 5.2: Tephras sampled
Profile Number Tephras sampled Figure reference
17 L 871±2, H 1104, K 1262, G 1457±5,
V 1477, H 1845
Figure 5.45
20 H 1104, K 1262, K 1416, G 1457±5, V
1477, H 1597, K 1625, K 1755, H 1845,
K 1918
Figure 5.41
27 G 1457±5 Figure 5.22
39 Basaltic Katla tephra, age unknown
(originally identified as H 1300)
Figure 5.50
44 H 1300, K 1357 Figure 5.50
49 K 1416, G 1457±5 Figure 5.47
56 G 1457 ±5, H 1597 Figure 5.28
87 G 1432 ±5, G 1457±5 Figure 5.25
112 K 1416, G 1457±5, K 1500 Figure 5.31
130 G 12th C, K 1500 Figure 5.41
135 SILK-UN Figure 5.24
147 SILK-UN Figure 5.26
152 G 1432 ±5, G 1457±5, K 1500 Figure 5.26
179 H 1389, K 1416, G 1432±5, G 1457±5,
V 1477, K 1500, H 1597
Figure 5.38
found at 6 sites.
Table 5.3: Pre-Landnám tephra identified
Name and volcanic origin 14C date Reference
SILK-UN (Katla) 2660±50 BP Larsen et al., 2001
SILK-LN (Katla) 3139±40 BP Larsen et al., 2001
H-S (Hekla) 3515±55 BP Larsen et al., 2001
H 4 (Hekla) 3826±12 BP Dugmore et al., 1995a
5.2.2 Tephras AD 870–1400
A total of nine tephras were found from AD 870–1400 (Table 5.4). The
Landnám tephra is dated to AD 871±2 from the GISP ice core in Greenland
(Gronvöld et al., 1995). It is important because it coincides with the settlement
of Iceland in AD ∼870 and separates the pre- and post- settlement periods. The
eruption had two phases, an initial silicic phase and a later basaltic phase
(Larsen et al., 1999), the basaltic phase was found here (Figure 5.3).
The Eldgjá fires eruption has been dated to AD 933±1 in three Greenland
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Pr 135 SILK UN
Pr 147 SILK UN
SILK UN reference
Figure 5.2: Binary plot of FeO against TiO2 for two samples of SILK-UN
tephra layers, plotted against reference data from Larsen et al. 2001. Reference
shows mean value, error bars shows extent of data.

























Figure 5.3: Binary plot of SiO2 against FeO/TiO2 for four samples plotted
against reference data (mean and error bars show extend of data) from Larsen
et al. (1999). Reference areas are from Jakobsson (1979).
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ice cores (DYE-3, GRIP, NGRIP, Vinther et al., 2006), although the eruption
took place over several years and has also been dated to to AD 934-940 (Larsen,
2000). The eruption date used for sediment accumulation calculations is AD
935. It is the thickest tephra found in the historic period with a mean thickness
of 210 mm and a maximum thickness of 800 mm. Hekla AD 1104 is not present
in other published chronologies of this area (e.g., Larsen, 2000; Larsen et al.,
2001; Óladóttir et al., 2005) and this finding expands its observed range to the
south and east. It is found in 56 profiles north of 63◦45’0 N. The eruption of
Hekla in AD 1158, of which the main axis of tephra fall was to the north-east
(Figure 4.2), was a possible alternative interpretation for this layer based on its
stratigraphic position, however the geochemistry determined by geochemical
analysis of two samples in profiles 17 and 20 shows this layer is from the H 1104
eruption (Figure 5.4).








































Figure 5.4: Binary plot of samples from H 1104 with reference data for H 1104
and H 1158. (a) FeO vs TiO2 (b) K20 vs TiO2. Reference data for Hekla AD
1158 and Hekla AD 1104 (error bars indicate maximum and minimum values)
is from Larsen et al. 1999 and shows these samples are not from the H 1158
eruption (H 1158 has a SiO2 wt% of 67–68% and FeO of 5.5 % wt compared
to the sample range of 70–74 SiO2 and FeO 1.5–3.5 % wt).
A sample of a tephra from Grímsvötn dating to the 12th century was
analysed from profile 130 and this tephra appears in 12 profiles. Results from
geochemical analysis are presented in Figure 5.3. Based on a limited number of
field measurements it is not possible to provide a precise age for this tephra, but
its stratigraphic location relative H 1104 and H 1206 indicates it is from an
eruption between AD 1140–1180.
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Three Hekla tephras from the 14th century are found in this area and
samples from H 1300, K 1357, and H 1389 were analysed (Figure 5.5). Hekla
AD 1389 is the most widespread, appearing in 157 profiles. K 1357 was not
found in Skaftártunga but only in profiles on Mýdralsandur.









































Figure 5.5: Binary plot of samples from H 1300, K1357 and H 1389. The
sample from profile 39 is a Katla tephra of unknown age. Mixed geochemistry
for samples Pr44 H 1300 and Pr 20 H1389 indicate that these may not be
primary airfall tephra.
The eruption of Öræfajókull in AD 1362 was the largest silicic explosive
eruption in historical times (Thórarinsson, 1958). The main axis of fallout was
to the south east, and tephra here was thin (5 mm) and patchy and it is found
in 14 (7%) profiles. Its high SiO2 composition means it formed a distinctive
white tephra in the sequence.
5.2.3 Tephras AD 1400–1500
A total of 5 tephras were found in this period (Table 5.5). Using the
stratigraphic framework of field identifiable tephras from eruptions of Katla in
AD 1416 (K 1416), Veðvötn in AD 1477 (V 1477), Katla in AD 1500 (K 1500)
and tephra characteristics (grain size and colour) it is possible to identify two
separate tephra layers (G 1 and G 2) between AD 1416–1477. While these
tephras which are from Grïmsvötn have been recorded in individual profiles here
previously (Larsen, 2000; Óladóttir et al., 2005) the true extent of their presence
in the region was unclear, due to the small number of mapped sections (Guðrun
Larsen, personal communication). Their eruption dates are not correlated to
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Figure 5.6: Sub-sections from stratigraphic profiles which had samples taken
for geochemical analysis of tephras in the period AD 1389–1625. Sections
are arranged from north to south (left-right) with the distance in km between
profiles shown by the scale bar and the lower profiles are further from Grímsötn.
Sampled layers are indicated by * and the letter denotes the volcanic system of
origin K: Katla, G: Grímsvötn, V:Veiðivötn, determined from the geochemistry.
Profile locations are indicated by profile numbers which match those in Figure
5.7, and the altitude in metres is given above the profile.
Grímsvötn tephras
The Grímsvötn volcanic system is the most active in Iceland, with 64 eruptions
since Landnám and seven in the period AD 1400–1480 (Larsen et al., 1998).
The majority of tephras from these eruptions have only been found within the
ice cap (Steinthorsson 1977; Larsen et al., 1998) and have not produced
widespread isopachs suitable for chronological control, although recently the
terrestrial record of tephra from volcanic systems beneath Vatnajölkull has been
improved (Óladóttir et al., 2011b). Samples of the tephra for geochemical
analysis were collected from nine stratigraphic sections (Figure 5.7). In addition
samples from tephras bracketing the Grímsvötn tephras in the stratigraphy
(K1416, V1477 and K1500) were collected. A total of 113 shards from
Grímsvötn, 22 from Veðvötn and 60 from Katla were analysed.









































































































































































































































































Figure 5.7: Stratigraphic sections where 15th century tephras were sampled,
except profile 153 which was only used for SeAR age estimates. Stratigraphic
details are in Figure 5.6.
The Grímsvötn samples have uniform geochemistry and individual shards
have no signs of weathering, suggesting that both layers are primary air fall and
not reworked material. Samples were confirmed to be from Grímsvötn by
comparing major element geochemistry against reference data (Figure 5.8,
Jakobsson, 1979; TEPHRABASE, www.tephrabase.org). TiO2 content was in
the range 2.6–2.9% wt, lower than Katla (∼4.5% wt) which is the most
frequently found tephra in this area. A FeO/TiO2 ratio of less than six shows
the tephra is not from the Bárdarbunga system (Óladóttir et al., 2011a). These
analysis confirmed the sequence of primary air fall tephra was Katla (AD 1416),
Grímsvötn, Grímsvötn, Veiðivötn (AD 1477) and Katla (AD 1500).
Age estimates
Two sediment profiles (Figure 5.7, profiles 153 and 179) with high rates of
aeolian accumulation and where tephra layers were of uniform thickness were
selected to calculate the age of the tephras (Section 4.2.3). Based on
measurements of sediment accumulation the age lower Grímsvötn layer is AD
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Figure 5.8: Binary major element plots of samples from K 1416, G 1432±5, G
1457±5, V 1477 and K 1500. The samples were located at the sections shown
in Figure 5.7, and they were taken from the stratigraphic position indicated by
Figure 5.6.
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1432 ±5 (mean ±1σ) and the age of upper Grímsvötn layer is is AD 1457 ±5
(mean ±1σ) (Figure 5.9).
Mapping
The distribution and thickness of these Grímsvötn layers has been mapped
(Figure 5.10). The lower layer (G1) has a mean thickness of 8 mm and is found
in 47% of profiles. It thickens towards the south suggesting that the main axis
of fall out was south of Skaftártunga. The upper layer has a uniform depth of
20 mm. It is found in 74% of profiles.
The later G 2 tephra may be correlated with Grímsvötn tephra in two
published profiles. This layer also occurs at Ketilsstaðir, Mýrdalur (Figure 5.7)
where a tephra layer between K 1416 and K 1500 has the geochemistry of a
Grímsvötn tephra (Erlendsson et al., 2009). Its position in the stratigraphy
indicates this is most likely to be the later Grímsvötn AD 1457±5 layer,
although relatively small changes in accumulation rates would change this
interpretation. Identification at Ketilsstaðir would expand the extent visible
extent of this layer to over 100 km from Grímsvötn.
Both the G1 and G 2 layers can be correlated with tephra from Grímsvötn
found in a profile at 50 km east of Skaftártunga, at Núpsstadarskógar. The
Grímsvötn tephra layers are between the K 1417 and V 1477 tephras, which
have been dated to ∼ AD 1430 and ∼ AD 1450 based on a SeAR model
(Óladóttir et al., 2011b). The thickness of both the upper and lower Grímsvötn
layers are 4 cm.
5.2.4 Tephras AD 1500–2010
A total of 10 tephras were found in this period (Table 5.6). In sections recorded
in 2010, tephra was found from the eruption on 14th April that year
Eyjafjallajökull. It was < 5 mm thick and it is uncertain how it will be
incorporated into the stratigraphic section, although layers of similar thickness
can be preserved and visible (e.g. Katla AD 1612). Tephra from the Skáftar
fires (Laki) eruption in AD 1783 is found in 34 sections in the northern and
eastern part of the region. The results of geochemical analysis on Kalta AD
1918 from profile 20 are presented in Figure 5.11. The analysis of Hekla tephras
from this period shows that by this stage there was considerable reworking in
the landscape as the shard composition was mixed for samples for H 1597 and H
1845, even though field identification was secure (Figure 5.12).
































Best age estimate for G 1457±5
mean ±1! of 975 measurements
Best age estimate for G 1432±5
























Figure 5.9: Box plots showing estimated age of the Grímsvötn tephras. (A)
shows sediment accumulation rates over AD 1250–1600. (B) shows age calcu-
lations based on linear sediment accumulation rates between the Katla AD 1416
tephra and the Veiðvötn AD 1477 tephra. (c) is based on single measurements
(±2.5 mm) from 75 profiles where all four tephra layers were present. (c) is
included for comparison with the photogrammatically derived data, but is not
used in the best age estimates.
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Figure 5.10: Distribution maps for 15th century Grímsvötn tephras. The
thickness of each layer of Grímsvötn found is shown at each profile location. A
best fit line for G 1 shows the tephra thickness decreasing towards the north
whereas G 2 is of uniform depth over Skaftártunga. The markers in section
(a) show locations of sections where Grímsvötn tephra which may be from the
same eruptions as Grímsvötn tephra mapped here, see Section 5.2.3 for details.
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Figure 5.11: Binary plots of five samples of of TiO2 vs CaO for samples from
K 1625, K 1755 and K 1918.
















































Figure 5.12: Binary plot of (a) TiO2 vs CaO and (b) SiO2 and TiO2 for
samples from profiles 17, 20, 56 and 179. H 1597 from profile 56 is shown to
be a Katla tephra. All samples showed some signs of reworking and have shards
from different volcanic systems within each sample.
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5.3 Geomorphology
The geomorphic data collected is presented here. Firstly, the key geomorphic
features seen in stratigraphic sections are summarised. Then representative
profiles from three different altitudes are described in detail. Finally, all the
stratigraphic profiles are presented, separated into four areas.
5.3.1 Summary of geomorphic features
Key geomorphic features found in sections are summarised below.
Reworking caused by thick tephra fall
Instability in sections, indicated by fluvial reworking of tephra and aeolian
material, is a common feature and it is related to the depth of tephra deposited
(Figure 5.13), with tephra over 100 mm thick greatly increasing the likelihood
of fluvial reworking. The E 935 tephra was the thickest tephra in the
post-Landnám sequence and it often precedes a period of instability in profiles
which may last for several centuries (Figure 5.14). However instability is not
inevitable with thick deposits of tephra, as some sections show stability after
even > 50 cm thick tephra layers (Figure 5.15, with a sharp upper contact
indicating little mixing and rapid stabilisation of the tephra after it was
deposited. The depth of tephra needed to destabilise a landscape is related to
the vegetation cover at the time; where vegetation is shorter and more likely to
be smothered a period of instability is more likely.
Reworking due to local slope instability
Fluvial slope wash, elevated SeARs and other signs of instability occur in
sections without the presence of tephra. These indicators were related to local
scale slope processes rather than changes in regional (> 250 m) sediment
sources (Dugmore & Erskine, 1994).
There may be short periods (decades to centuries) of instability and a
return to regional, low SeAR rates, however more common were extended
periods of high SeAR levels, up to five times the regional post-Landnám mean
and increased signals of instability. This was interpreted as reflecting the
proximity of rofabard erosion fronts to the location of the profile.
5.3.2 Summary of stratigraphic sections
The post-Landnám sequences are classified into typical ‘summary’ sequences
which are described in detail. The classification was based on the altitude, the
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Tephra thickness, log scale (mm)


































Figure 5.13: Tephra thickness does not cause increased instability until the
thickness is more than 100 mm. Above this depth reworking is much more
likely. n=> 35 for all points. Tephra thicknesses above 45 mm show the range
of depths from which the percentage of instability is calculated from.
Figure 5.14: A deposit of Eldgjá tephra precedes an extended period of insta-
bility (330 years) indicated by continual reworking of E 935. Landscape stability
(as indicated by the resumed accumulation of yellow-brown aeolian sediments
with limited or no tephra) returns after the K 1262 tephra. Profile 140, Figure
5.36
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Figure 5.15: Profile 189, 224 m shows signs of slope instability after L 871,
however the E 935 tephra is stabilised rapidly.
stratigraphic sections relation to macro scale geomorphic features such as
rofabards and slopes, patterns of SeAR through time and indicators of
reworking within the section. Characteristics of post-Landnám sequences (ratio
of tephra to aeolian sediment, average SeAR over total age of profile, total
sediment depth accumulated and total tephra accumulated) are plotted against
altitude (Figure 5.16). There is no systematic trend in these variables related to
altitude. Large variations in the characteristics of post-Landnám profiles are
probably due to differences in local slope morphology and vegetation cover.
Pre-Landnám sequences are less variable than post Landnám sequences.








































































































































































































































































































































































































































































































































































































































































































































Figure 5.16: Summary of variations in (a) SeAR rates, (b) ratio of tephra
to sediment, (c) total sediment accumulated and (d) total tephra accumulated
against altitude. Linear best fit lines are also plotted. Profiles recorded to less
than 500 years were not included.
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Mean SeAR is 0.27 mm yr−1, and the maximum SeAR 0.35 mm yr−1, which is
0.3 mm yr−1 lower than the post-Landnám mean. There is no significant
difference in SeAR through time with the period between SILK-LN (14C
3139±40 BP, Larsen et al., 2001) and SILK-UN (14C 2660±50 BP, Larsen et al.,
2001) which has a SeAR of 0.24 mm yr−1 and SILK-UN to Landnám which has
a SeAR of 0.28 mm yr−1.
Sections above 300 m
Sections found above 300 m tended to have similar stratigraphic features. 300 m
is probably above the altitudinal limit for continuous forest birch, but below the
limit of shrub growth, based on modern measurements at Skaftafell 100 km east
of Skaftártunga (Wöll, 2008). Total accumulation post-Landnám was 414 mm of
tephra and 471 mm of sediment giving a total depth of ∼ 90 cm to the
Landnám tephra, and a maximum depth of ∼ 110 cm. Profiles at this altitude
were mainly recorded in the north of Skaftártunga, which means that E 935 was
thicker, on average 295 mm. More profiles here has signs of cryoturbation such
as thufur (Figure 5.17).
In some sequences there is instability immediately after the Landnám
tephra, with high SeAR levels. These sites are at altitudes which were likely to
have once been near continuous woodland cover. The highest SeAR levels
through the post-Landnám period are immediately after settlement (for
example in profiles 77–79, Figure 5.43 and 5.18), and these decline rapidly,
mostly by AD 935. Later in historical time SeAR generally are in the range
0.3–0.6 mm yr−1 . There is a slight increase after AD 1625 in some profiles but
much less than seen in lower areas.
Sections below 300 m
Many profiles below 300 m show stability though the entire settlement period,
with a narrow range of SeAR variation observed, although SeAR is generally
0.2–0.3 mm yr−1 above rates observed prior to Landnám. However a subset of
sections differed substantially from this pattern, therefore stratigraphic sections
below 300 are classified into two types (Figure 5.18, b and c). Mean total
accumulation since Landnám is ∼ 707 mm of aeolian sediment and ∼ 358 mm
of tephra, however the maximum accumulation was > 4.5 m of accumulated
tephra and sediment since Landnám.
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Figure 5.17: Profile 178, 324 m shows signs of post-depostional reworking
due to cryoturbation, and the E 935-940 tephra is not continuous
Sections below 300 m, type A
A key feature is a trend of increasing SeAR rates, most usually seen after AD
1625. SeAR rates were high — 2 mm yr−1 was typical. This did not reflect
early SeAR rates which were near the regional mean.
Three main trends in SeAR were common in this type of profile.
(1) High levels of accumulation and frequent instability in the early period
(most commonly starting after AD 935)
(2) Lower levels of accumulation from AD 1262–1600
(3) Increasing SeAR rates from AD 1625 to the present day reaching very high
levels of ∼ 2 mm yr−1.
Sections below 300 m, type B
Rofabard erosion escarpments are less common below 150 m, therefore profiles
are less influenced by local (< 250 m, Dugmore & Erskine, 1994) sediment
signals. 14 profiles recorded on the edge the Holmsá river do not show
increasing SeAR rates after AD 1625 (Figure 5.22). The course of the river
changed in the 1970’s after the glacial fed river Leirá was diverted into the
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(a) above 300 m
(b) below 300 m, type A
(b) below 300 m, type B
Figure 5.18: Representative profiles from (a) above 300 m, (b) below 300 m,
type A and (c) below 300 m, type B. Black bars indicate periods with indicators
of fluvial reworking. Further examples of each profiles types is in Appendix D
Holmsá river 3 km upstream for road construction (personal communication,
Hrífunes landowner). This erosion of the river bank is therefore very recent.
The implication is that these profiles reflect accumulations at the regional level.
The SeAR does not increase at these sites after K 1625 unlike type A profiles,
supporting the idea that the large increase in SeAR seen after K 1625 in type A
is partially due to proximity to the eroding front (i.e. local signals), as opposed
to regional increases in sediment flux.
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Lowland redeposition profiles
An additional type of profile was recorded, which was < 500 mm in depth to bed
rock material or glacial diamict, and contained two tephra layers. The earliest
tephra found in these sequences is H 1845. These profiles were located on areas
between areas of Holocene accumulated sediment sequences, that are interpreted
as paleo-rofabard sequences. Rofabards at the edge of these sequences are
vegetated on the erosion face and are not judged to be actively eroding. There
are two possible interpretations — either these are the refilling in of areas
eroded a recently (perhaps associated with lowland rofabard development after
AD 1500), or these areas periodically erode and then are redeposited, of which
the latest phase of stability started some time in the early 19th century.
Examples are profiles 88–90 in Figure 5.26 and profiles 93 and 94 in Figure 5.24.
5.4 Presentation of stratigraphic sections
The stratigraphic sections are presented here and are divided into groups of
2–14. Skaftártunga was divided into four areas, which are shown in Figure 5.20,
and within these areas there are further subdivisions based on profile groupings.
Detailed maps provide locations of the profiles and illustrate the groupings in
which the profile have been drawn. Diagrams of the complete stratigraphic
sections are linked by field identified tephra layers. A key to the stratigraphic
symbols used is in Figure 5.19. The symbology was based on that used by
Þórarinsson (1958) and by Dugmore (1987). In addition to stratigraphic
sections rates of sediment accumulation are presented for all profiles in
Appendix D. Sections are drawn relative to the location of the H 1206 tephra,
as this was found in most sections.
Maps are provided of key areas. To determine the level of current vegetation
cover LANDSAT 7 imagery for 21st June 2004 (File: LE72180152004173EDC01)
was obtained from http://glovis.usgs.gov/. This file was converted into a




by Edward Mitchard using ENVI 4.4 (ITT Systems) . This was then used
to categorise land cover into four basic vegetation cover classes, for NDVI values
of: -1–0, 0–0.1, 0.1–0.3 and 0.3–1. The lowest values are areas of no vegetation
cover, then areas with little (< 50%) vegetation cover, then grass or heath
vegetation and the highest values are trees or improved grassland. The results
of this classification are displayed on the relevant detailed maps. Areas of
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existing erosion with bare soil cover can be seen on the tops of many hills and
more generally in areas above 300 m, with zones of partial erosion and more
vegetation cover in the zone 150–200 m, while many lowland areas are fully
vegetated, with the exception of sandur plains or lava flows. The sections are
split according to limitations of page size, and the groupings are presented in
Figure 5.20.
5.4.1 Area 1 — Hrífunes and Flaga landholdings
Area 1 contains Hrífunes and Flaga landholdings, and goes from 57–266 m a.s.l.
In total 55 sections were collected here (Figure 5.21), and the total area of
covered by these sections is 35 km2.
Altaey
Three profiles were recorded here (Figure 5.28) in order to confirm the
chronology and to match chronology of the area to sections recorded here by
(Óladóttir et al., 2008).
5.4.2 Area 2 — Snæblýi and Borgarfell landholdings
Sections were collected from the landholdings of Snæblýi and Borgarfell, as well
as 7 profiles from the hill of Hussafell and 2 recorded in the home field of Hilð.
Profiles were recorded in several locations around the farm. Profiles 109–112
were recorded from a recent ditch, within the current infield area. The sections
are in located in the map in Figure 5.29.
Hilð and Hussafell
Two profiles were collected from ditches on the landholding of Hilð (Figure 5.32).
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Figure 5.19: A key to stratigraphic symbols used.




























































































Figure 5.20: Profile locations in this study. Detailed maps are shown for four
areas.
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Figure 5.21: Area 1 — Hrífunes and Flaga landholdings profile location map.
Shading represents NDVI vegetation cover in 2004.






























































































































































































































Figure 5.22: Area 1, site 1 —Stratigraphic sections recorded on a 150 m long
section on the south Bank of the river Hólmsá












































































































































































Figure 5.23: Area 1, site 2 — Sections west of Hómlsá bridge











































Figure 5.24: Area 1, site 6



















































Figure 5.25: Area 1, site 7




































































































































































































Figure 5.26: Area 1, site 4


















































Figure 5.27: Area 1, site 5

































Figure 5.28: Area 1, site 3 — Atlaey Profiles












































E Profile Locations River
100 m contour Landholding boundaries
Landcover 
 Bare rock, soil












Figure 5.29: Area 2 — Snæblyí, Borgarfell profile location map. Shading
represents NDVI vegetation cover in 2004



























































Figure 5.30: Area 2, site 1 — Borgarfell




















































































































































































































Figure 5.31: Area 4, site 4 — Snæblyí




























Figure 5.32: Area 2, site 2 — Hilð



















































Figure 5.33: Area 2, site 3 — Hussafell
CHAPTER 5. DATA: CHRONOLOGY AND GEOMORPHOLOGY 116
5.4.3 Area 3 — Búland and areas of communal grazing
The farm of Búland is located at the altitude of 280 m. The location of sections
from here is indicated in Figure 5.34. This area has two abandoned farms
marked on current maps. The name of Bulandssel suggests is was a sheiling site,
and there is no record of it before AD 1845 (personal communication, Hildur
Gestsdóttir). Svartinúpur does appear on the Jarðabok AD 1703 census
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Figure 5.34: Area 3 — Búland profile location map. Shading represents NDVI
vegetation cover in 2004












































































































































































Figure 5.35: Area 3, site 1 Búland







































































































































Figure 5.36: Area 3, site 2 — Bulandssel



























































Figure 5.37: Area 3, site 3 —Þorlásstaðafell



































































Figure 5.38: Area 3, site 4 —Þorlásstaðafell




























































































































































































Figure 5.39: Area 3, site 5 —Hjartafell







































Figure 5.40: Area 3, site 6 — Hjartafell


































































Figure 5.41: Area 3, site 7 — Nupshethi
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5.4.4 Area 4 — Communal grazing areas
Sections from areas of communal grazing are recorded. The following sections











































































E Profile Locations River
100 m contour Landholding boundaries
Landcover 
 Bare rock, soil











Figure 5.42: Area 4 - Communal grazing, 200 to 368 m. Shading represents
NDVI vegetation cover from 2004
5.4.5 Ytra-tjaldsheil and Holmsarfoss
The following stratigraphic profiles were located in areas that were not
associated with any particular landholdings, but that may still have been
grazed. Sections from Figure 5.47 are located in Figure 5.42.

































































































































































Figure 5.43: Area 4, site 1






































Figure 5.44: Area 4, site 2
5.4.6 Mýrdalssandur
In order to expand the chronology 11 sections were dug on Mýrdalssandur. Five
were collected from Hjörleifshöðí. The chronology was similar to that found in
Skaftártunga, with the addition of the Katla AD 1357 tephra, however tephra
preservation was not as good. The main feature observed was widespread
instability starting immediately after the K 1416 tephra, which continued
through until K 1918. This produced exceptional SeAR rates of > 6 mm yr−1 as
active slope wash deposited material. Despite this instability the sites were still
vegetated. Sections on Harfursey (Figure 5.50 and 5.20) were short and located
on steep slopes. Their proximity to the Katla mean they pick up additional
tephra layers, K 1357 and K 1721.




















































Figure 5.45: Area 4, site 3











































Figure 5.46: Area 4, site 4











































Figure 5.47: Area 4, site 3 — Ytra-Tjaldgil































Figure 5.48: Sections from Loðnugil




































































92 m 112 m
95 m 95 m
234 m 234 m 234 m 146 m 134 m 221 m
Figure 5.49: Sections from Hjörleifshófði, Mýrdalssandur




































































92 m 112 m
95 m 95 m
234 m 234 m 234 m 146 m 134 m 221 m
Figure 5.50: Sections from Harfusey, Mýrdalssandur
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5.5 Key points
• The chronology of Skaftártunga is described with the identification of four
dated tephra prior to Landnám and 20 tephra layers identified in the
period after Landnám. H 1104 is found in 56 profiles and a Grímsvötn
tephra from the 12th century is identified. The period of AD 1389–1500
contains 6 tephra providing a high resolution record of change over this
period.
• Geochemical analysis confirms the presence of two tephra layers from
Grímsvötn in the 15th century, and these layers are mapped across 400
km2. Age estimates of the tephra based on SeAR are AD 1432±5 and AD
1457±5. These layers were identified in 89 and 140 sections respectively.
• Key geomorphic features are identified. These are; instability related to
tephra fall, and increases in SeAR due to proximity to active rofabards.
• Stratigraphic sections above 300 m generally shave high SeAR rates
directly after Landnám, then relatively low SeAR to the present, sections
below 300 m exhibit greater variability and can be categorised into profiles
(type A) that see increasing rates of SeAR after AD 1600 to levels more
than double the regional mean SeAR and profiles (type B) which see a
generally flat trend of SeAR with comparatively minor fluctuations.
• 200 stratigraphic profiles, of which 189 are from Skaftártunga and 11 from
Mýrdalssandur are presented and contain 2625 identified tephra. These
are from 6 landholdings and an area of communal grazing land and from
altitudes of 57 to 468 m.
Chapter 6
Discussion: Plague and landscape
change
6.1 Introduction
This chapter takes the chronological framework and geomorphology presented in
Chapter 5 and uses it to test the hypothesis that there is a geomorphic signal as
a result of population reduction after episodes of plague in AD 1402–1404 and
AD 1494. A 200 year period of reduced SeAR and increased landscape stability
which ends by AD 1597 is consistent with reduced grazing pressure due to
population decline. This change comes after a period where SeAR levels are
already declining and the changes identified are small deviations from the mean
SeAR rate, therefore this reduction must be placed in the context of overall
trends in SeAR and erosion identified in Section 3.5.3.
Firstly new data is evaluated against existing spatio-temporal models of
landscape change; the landscape impact of settlement, woodland clearance,
rangeland management, climate change, proximity to eroding slopes, and
variations in eroding soil depth. Then landscape change during the period AD
1389-1597 is evaluated at three scales (Section 1.3.3), changes over Skaftártunga,
changes over individual landholdings and changes within individual profiles. The
longer term geomorphic impact of a period of reduced grazing pressure is then
considered — it is argued that population decline may have delayed the onset of
severe erosion that started in the early AD 1600s and took place under similar
climatic conditions to the period of landscape stability seen from AD 1389–1597.
134
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6.2 General trends in SeAR and erosion
Previous studies (e.g. Dugmore & Buckland, 1991; Simpson et al., 2001; Mairs
et al., 2006; Dugmore et al., 2009) have identified five main trends in land
degradation and SeAR in Iceland over the last 1500 years (Section 3.5.3).
Aggregate SeAR for Skaftártunga is presented and evaluated against a new
integrated spatio-temporal model of erosion and an new model of landscape
change related to population decline is presented (Figure 6.1).
6.2.1 Changes at the regional scale
At the scale of Skaftártunga (∼400km2) there is a stepwise change in SeARs
after settlement. Prior to Landnám sediment accumulation was low and varied
little in absolute terms across the landscape and after Landnám mean SeAR
doubles and increased variability indicates a more heterogeneous landscape
(Figure 6.2). While the regional change is homogeneous after Landnám, at the
level of the individual profile this change is time transgressive with distinct
spatial gradients.
6.2.2 Altitudinal model of erosion
A key feature of the altitudinal model of landscape degradation proposed by
Dugmore & Buckland (1991) is that erosion begins soon after Landnám at
higher altitudes and progressively encroaches on lower elevations. Initial
breaches in vegetation cover start in marginal uplands above areas of continuous
tree cover. Erosion spots then propagate downslope through time, initiating
erosion on lower slopes. In Skaftártunga for the first 60 years after settlement
the highest SeARs are recorded above 300 m, which supports this model (Figure
6.3, (a)). Erosion in upland areas has been thought to have been because inland
sites were preferentially settled because they had thin woodland cover —
however there is increasing evidence that early farm sites were distributed
widely across the landscape, and not just in upland areas (Vesteinsson et al.,
2002; McGovern et al., 2007). Increases in erosion at early periods are therefore
most likely due to the higher vulnerability of upland areas.
6.2.3 Woodland clearance
The transformation of the Icelandic environment from ∼25% woodland cover to
< 1% woodland cover probably occurred progressively, with the first major
contraction occurring over a period of 300–400 years after settlement (Church
et al., 2007; Lawson et al., 2007). Apparent inconstancies in the pollen record
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Figure 6.1: Aggregate SeARs for Skaftártunga. Bar indicates mean SeAR
and vertical bars and grey band highlights range of results based on 1σ from
the mean. (a) Shows data from all profiles including profiles where there was
indication of slope wash (gravel or mixing of aeolian sediment and tephra). (B)
presents just aeolian accumulation rates which reflect sediment changes within
250 m of individual profiles site (Dugmore & Erskine, 1994). (c) summarises
general models of landscape change, with the additional models tested in this
thesis, for further details see section 3.5.3.
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Figure 6.2: Aggregate sediment accumulation rates for three periods, pre-
Landnám (3390 BP – 871 ± 2 AD), the AD 871–1500 (the medieval warm
period) and AD 1500–2000 (the Little Ice age and 20th century) for all mea-
surements of SeAR. The outliers extend to maximum accumulation rates of 3.7
mm yr−1 and 2.9 mm yr −1 for the MWP and LIA. Mean pre-Landnám SeARs of
0.3 mm yr−1 match measurements of 0.2–0.3 mm yr−1 around Eyjafjallajökull
from Dugmore et al., 2000.
would appear to be a consequence of site selection; early clearance within 50
years of Landnám occurs around farm sites (Hallsdóttir, 1987; Mairs et al.,
2006), but surrounding woodlands are cleared progressively over the period of
500 years. Areas that had substantial forest cover experienced larger SeARs
than areas with little or no tree cover in the period after Landnám (AD
900–1200, Mairs et al., 2006). The altitudinal limit for tree growth in
Skaftártunga is probably ∼250–300 m for forest cover (trees > 2 m height) and
∼400 m for scrub, based on modern measurements at Skaftafellsheiði (Wöll,
2008). There is a significant difference in mean SeAR rates in the period AD
935–1262 (< 250 m 0.58 mm yr−1 , 95% CI 0.52–0.64; >250 m 0.42 mm yr−1,
95% CI 0.36–0.48) which corresponds with areas of expected woodland cover
prior to Landnám (Figure 6.3) — this difference can be explained by the
difference in the change from
Betula spp. woodland (height > 2 m) −→ open grassland
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which generates landscape instability and higher SeAR levels because of the
time taken to establish a dense turf sward which is resilient to grazing. In
contrast the change from
Betula spp. and Salix scrub (height < 2 m) −→ open grassland
does not seem to produce landscape instability and does not elevate SeAR
levels as a well established grass sward could coexist with the more widely
spread trees/ shrubs. By AD 1300 SeAR declines to mean post-Landnám levels
in areas below 300 m and there is no altitudinal trend in SeAR, which coincides
with other indicators of woodland contracting (Church et al., 2007; Lawson
et al., 2007). This decline in SeAR at low levels is consistent with an ‘open’
landscape where grass sward which is relatively resistant to grazing is
established in all areas.
6.2.4 Climate response and rangeland management
Unpredictable climatic shifts of increasing magnitude drive changes in SeAR
from AD 1300 onwards as a consequence of the failure of rangeland
management to react to climatic changes (Simpson et al., 2001). Problems of
climate prediction could have been compounded by additional distractions and
impairments to effective rangeland management, related to the Sturlungaöld
period of civil war, the loss of independence to Norway and changes in law
codes. There is archaeological and historical evidence for a changing ratio of
sheep to cattle in North Iceland from AD 1100 onwards (McGovern et al.,
2007), but this change may not have been uniform across Iceland. The
implication of this would have been to increase pressure on rangeland grazing
away from home fields and farms. From AD 1262–1389 erosion in upland areas
over 300 m increases slightly and erosion in lowland areas declines significantly.
This decline in erosion in lowland areas is interpreted as reflecting that the
transition from wooded landscape to open landscape is completed (Figure 6.4).
6.2.5 Changing patterns of lowland erosion
Regional scale changes
Dugmore et al., (2009) argue that the difference between increasing rates of
sediment accumulation seen after AD 1500 and apparent declining overall rates
of soil cover loss is due to the difference in the depth of soil being eroded.
Altitudes above 400 m where the soil depth is thin (< 1 m) could see rapid rates
of land cover loss due to the development of closely spaced erosion spots that
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(a) The impact of settlement !










































































































































































































































































Figure 6.3: SeARs plotted by altitude for, (a) prior to settlement and the
initial settlement period and (b) AD 935–1262 (the woodland clearance phase).
Altitudinal limits of growth for > 2m height woodland Betula forest at ∼250 m
and the limit of individual shrub growth at ∼400 m are indicated (broken lines).
A linear best fit line for SeAR rates with no fluvial reworking has been added.
Red data points are stratigraphic sections that showed signs of reworking. All
areas see an increase in SeAR after Landnám, with the largest increase in areas
above the tree line (a). 70–280 years after settlement areas below the woodland
tree line experience higher rates of SeAR. The frequency of slope wash occur-
rence is similar (17% vs 27%) — this is probably related to the thick tephra
from Eldgjá. The differences in SeAR cannot be explained by variations in the
the thickness of tephra from the eruption of Eldgjá in AD 934–940 (c).
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Figure 6.4: Sediment accumulation rates by altitude for the period AD 1262–
1389 showing little altitudinal variation as SeAR levels in lowland areas decline.
Periods of slope wash are indicated in red. SeAR in upland areas is slightly
higher (0.47 mm yr−1, 95%CI 0.39–0.56) than in the previous three centuries
(0.42 mm yr−1, 95%CI 0.36–0.47) but this difference is not significant.
rapidly combine. Declining rates of land cover loss in lower, less ecologically
marginal areas could be related to higher SeAR because of the presence of deep
soils which may be > 6 m thick. In Skaftártunga SeAR and instability increases
from around AD 1600 onwards especially in areas below 250 m (Figure 6.5).
Local scale change
In contrast to ‘spot’ erosion in the highlands where there may be many low
intensity sources of sediment scattered across the landscape, ‘rofabard’ erosion
in the lowlands may have large persistent local sources of sediment. Where
rofabard erosion takes place in deep soils persistent and localised high intensity
sources of sediment have significant effect on the visible rates of SeAR as the
rofabard migrates across the landscape (Figure 6.5, the contrast between profile
148 and 24). This is illustrated with the contrast with the SeAR record from a
single profile (148) which shows after K 1625 SeAR rates progressively increase
from 0.33 mm yr−1 to 2.74 mm yr −1. This profile was located on the edge of a
large rofabard which had eroded ∼5 m of Holocene sediments to bedrock. Prior
to this point SeARs at these two sections show a similar pattern. From the
record at profile 148 the vegetation breach can be inferred to have started in the
early 17th century — indicating a threshold was crossed whereas after earlier
periods of increased erosion (AD 935–1206, AD 1300–1341, AD 1416–1500)
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Figure 6.5: At the regional scale after K 1625 SeAR rates increase and many
profiles have rates of SeAR > 2mm yr−1. 32% of profiles have SeARs of more
than double the post-Landnám average (thick line). Red signifies sections with
fluvial reworking. (b) illustrates the difference proximity to rofabard erosion
fronts makes at the local scale, by showing type A and B profiles (Section
5.3.2. Further examples of this difference are in Appendix D
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SeARs returned to lower levels. In contrast profile 24, located 2.5 km away from
profile 148, is located on a edge of a river bank which eroded within the last 50
years (Figure 5.22) and does not see systematic increases in SeAR until after K
1918, where apparent SeARs are higher because they contain the turf as well as
aeolian accumulation. Local patterns of SeAR after AD 1625 indicate how
proximity to active erosion fronts elevates SeAR levels but does not necessarily
correlate with increasing areal erosion. Further examples of this contrast seen in
profiles below 300 m are shown in Appendix D.
6.3 Population decline
6.3.1 Regional scale change
While there is no difference in aggregate mean SeARs before, during or after
periods of plague (Figure 6.1, Figure 6.6) additional alternative indicators of
landscape stability show that the period AD 1389–1597 experienced lower than
average landscape instability, which is consistent with a reduction in grazing
pressure due to population decline. Aggregate SeAR rates alone cannot capture
all indicators of landscape stability. This is because the standard deviation of
SeAR for the period AD 1389–1416 is 74% of the mean — change at individual
sites relative to SeAR rates previously will be masked by the differences
between sites.
To quantify landscape instability three alternative measurements were used
(Figure 6.7). SeAR rates are compared against the mean post-Landnám SeAR
within the section they were recorded in rather than the regional mean (Figure
6.7). Calculating the percentage of profiles where an age period (a stratigraphic
unit defined by dated tephra) has the first or second lowest SeAR
post-Landnám gives an indication of especially low periods of accumulation.
Two age periods were more likely to be the lowest in any given profile than
could be explained by chance. These periods were AD 1206–1341 and AD
1389–1477. The period AD 1500–1755 has some indicators of this (i.e. not all
tephra age periods were significantly above percentages which could be expected
by chance) (Figure 6.7). These signals together show that the period AD
1389–1457 and to a lesser extent AD 1477–1597 have the lowest signals of
instability and landscape degradation in the post-Landnám record (Figure 6.7).
These indicators show there is increased landscape stability starting after
AD 1389 and lasting until AD 1597. This is seen in
(a) A higher than randomly expected percentage of profiles (25% vs 6%) record
their lowest or second lowest post-Landnám SeAR rates during AD
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Figure 6.6: SeAR plotted against altitude for the period encompassing popu-
lation decline shows no significant altitudinal trends.
1389–1416
(b) Variability (SD as % of SeAR mean) is average in AD 1389–1416, and
reduces to below average for AD 1416–1597.
(c) Deviations from the mean SeAR per profile is low (0.18 mm yr−1).
It is the presence of all these indicators that differentiate it from other
periods which have similar low SeAR totals (i.e. AD 1597–1625 and AD
1206–1341). The period H 1300–1341 has high variability in accumulation rates
(120%) compared with the post-plague period. The elevated SeARs in the
period H 1341–1389 could be explained by a series of severe cold years and
heavy sea ice around this period (Ogilvie, 1984). The period H1597–1660 is
different because variability increases in the landscape indicating instability and
although some low totals for SeAR are found, in general erosion rates are
increasing (Figure 6.1). The period from V 1477–K 1500–H 1597 does have
some indicators which are consistent with a lower grazing impact after a plague
in AD 1494, but these are not as clear as for AD 1389–1416 (Figure 6.7). There
are three reasons why any geomorphic signal from this event would be smaller
than that of the plague in AD 1402. They are that
The death rate was lower (Karlsson, 1996) , therefore any reduction in
grazing could be expected to be smaller.





































































Figure 6.7: Alternative indicators of landscape stability. Broken vertical lines
indicate the dates of the two plagues. The deviation in SeAR for each time
period from the profile mean (as opposed to the regional mean) is shown in
(a). (b) shows the percentage of profiles which recorded the lowest or second
lowest SeAR in the post-Landnám period, divided by age period (n=> 40).
The red bars indicate the percentage and 95% CI, while the blue bars indicate
the expected random percentage based on the proportion of age periods as a
proportion of total age periods identified, with 95% CI. Areas shaded in grey
show where all the age periods have significantly more low SeAR rates than could
be expected by chance (c) indicates the coefficient of variation (% variance of
standard deviation of mean) which shows low variability from AD 1416–1597.
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The configuration of tephras Only a relatively small number of sections
(55) could constrain the period AD 1477-1500 and of this period only the
last 6 years would be affected by the AD 1494 plague, — this effectively
‘smears’ (Baillie, 1991; Blaauw, 2011) any change between the periods of
AD 1477–1500 and AD 1500–1597.
Deteriorating climatic conditions In the AD 1420s a long term decline in
storminess in the North Atlantic is reversed so by AD 1494 mean
storminess is higher (Dawson et al., 2004; Dugmore et al., 2007b) and
temperatures are cooler (Mann et al., 2009). A higher intensity of erosive
processes mean that pre-existing erosion fronts produce more sediment
even if reduced grazing prevents the formation of new erosion spots
(Dugmore et al., 2009).
6.3.2 Changes at the scale of landholdings
This section describes and presents data on change at the resolution of
individual landholdings. Differences between landholdings can be explained as
being related to the underlying geography of the landholdings (such as altitude
and vegetation cover), and differences in management, wealth and influence
(Mairs et al., 2006). Here difference between five landholdings, and areas of high
altitude communal grazing are compared (Figure 6.8).
Trends identified at the regional scale can also be seen at this scale — early
upland impact after Landnám is seen in areas of higher altitude (c, d), and high
SeARs are seen from AD 935–1206 in areas expected to have had more
woodland cover (a, b). Changes in the period from AD 1389 reflect two
patterns, either a period of no or little change in SeAR (b, c, d) or increasing
SeAR rates during the 15th century (a). This pattern of increased erosion in
lowland areas during a period of low population is consistent with two
hypotheses. Firstly, lowland areas would probably not be abandoned at all, so
the pattern seen may be driven by climatic change rather than any change in
grazing intensity over this period. Alternatively it may reflect changes or
increases in more damaging land use practices such as grazing outside the
growing season (Simpson et al., 2001), as a response to a reduced labour force in
general. The first hypothsis is considered most likely because of climatic
deterioration during this period (Section 6.4).
The period from AD 1500–1600 shows little difference between areas. After
AD 1625 there is a trend of increasing SeAR seen in all areas.
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(c) Snæbl!i and Borgarfell
(b) Búland
(a) Hrifunes and Flaga
(d) Communual grazing
Figure 6.8: SeAR measurements from five land holdings (a, b and c) and
communal grazing areas (d). Vertical bars show 1σ standard deviation for the
mean (horizontal bar) of a minimum of 10 sections. Sections with signs of
fluvial reworking were excluded.
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6.3.3 Local scale change
Photogrammetric records from 27 profiles (Section 4.3.4) improve the resolution
of change at the level of an individual profile, allowing detailed comparisons to
be made between individual sites rather than between multiple profiles where
changes at individual sites may be masked by the variability between sites. The
resolution of these measurements is significant because the typical separation
between the H 1389 tephra and K 1416 tephra is 12 mm, at these distances
measurements to ±2.5 mm have a measurement error of ±20%.
The period of AD 1389–1416 has the lowest SeAR in the post-settlement
period in 63% of profiles recorded to high resolution. These measurements
confirm the pattern seen from large numbers of lower resolution measurements
(Figure 6.9). In profile 179 the H 1389–K 1416 SeAR of 0.4 mm yr−1 is lower
than the pre-Landnám figure of 0.42 mm yr−1 and is the lowest sedimentation
rate over the last 2600 years. The landscape returned to average post-Landnám
SeAR in the period AD 1416–1477. There is no apparent SeAR change related
to the second plague in AD 1494.
6.4 Changing climate and degradation AD
1300–1600
By the time of the first plague the landscape was cleared of woodland, had been
settled for 500 years, and this was prior to the stripping of deep lowland
sediments. Can the patterns of SeAR in the period AD 1300–1600 be explained
by changes in climate alone?
To test this hypothesis two areas were compared with proxies of climatic
change (Figure 6.10). The lowland landholdings (55–225 m a.s.l) of Hrífunes
and Flaga (Figure 6.10, part c) have good grazing, and given that demographic
decline would have produced heterogenous impact grazing pressure with better
areas experiencing limited or no decline (Lagerås, 2007) it is not surprising
there is no reduction in SeAR in AD 1402 and AD 1494. There is a correlation
between SeAR and declining temperature and increasing storminess through the
AD 1400s (Figure 6.10 part a and b). Its sensitivity to climatic perturbations
may indicate that there was regular grazing outside the growing season
(Simpson et al., 2001; 2004), a possible response to a reduced labour force,
although it seems more likely that SeAR was responding to climatic
deterioration. However increasing rates of SeAR seen from AD 1400–1500 stop
after the second plague in AD 1494, although change during this period is not
as well constrained by tephra.






1389 1477 1625 1755 1918 2009










































355 and 331 m a.s.l.
Búland 
Pro!les 128,133







Figure 6.9: (a) Photogrammetric measurements of SeAR in three different
landholdings, vertical bars show 1σ deviation and the timing of plagues is indi-
cated by broken vertical lines. (b) shows standard measurements of the same
stratigraphic sections. The period AD 1389–1416 has the lowest rates of SeAR
post-Landnám.
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The pattern of instability at Hrífunes is different from upland areas (Figure
6.10, part d). There is no increase in SeAR during 15th century. This could
because upland areas experienced reduced grazing pressure as the population
retreated to core areas. Reducing the grazing in these areas would reduce
landscape sensitivity to climatic impacts as grazing opens erosion spots which
provide sediment.
6.4.1 Long term geomorphic impacts of population decline
Climate proxies in the period AD 1420–1500 and AD 1590–1660 indicate that
these periods were similar (frequent sea ice, large negative temperature
deviations from the mean, high storminess indicators, Figure 3.9), however one
period experienced widespread threshold crossing geomorphic change and the
erosion of deep lowland sediments, and the other saw limited increases in
erosion in lowland areas which declined when climate ameliorated. Why does
the erosion of lowland sediments not occur when climate deteriorates in the
mid-14th century, but does occur in a similar phase of climatic deterioration
from AD 1590–1630?
Different population regimes could explain why the impact of deteriorating
climate in AD 1420–1500 pushed lowland areas close to, but not over a
geomorphic threshold whereas deteriorating climate around AD 1600 marks the
start of widespread landscape instability and increasing SeAR in all areas.
Separating the factors that trigger erosion which are primarily grazing, and the
factors that control the propagation of erosion, which are primarily the intensity
of physical climatic processes (Dugmore et al., 2009), the different responses to
climatic deterioration may be understood. The earlier period had a lower than
average population due to disease whereas the later period probably had a
population above the 50,000 level seen at the start of the 18th century
(Thórarinsson, 1961; Karlsson, 2000). This could explain why the geomorphic
signal is spatially differentiated in AD 1400–1500 (because it is partially driven
by variations in grazing pressure), whereas the transition at ∼AD 1600 occurs
in all areas below 250 m (Figure 6.1, a), suggesting that climate is the primary
driver. A similar period of instability around Eyjafjallajökull is identified by
Dugmore et al. (2009) as starting after AD 1510 but before AD 1721. These
periods of instability could be contemporaneous. In the AD 1400s climatic
change would have increased the intensity of processes of erosion but a lower
grazing regime would have reduced the likelihood of erosion being triggered. By
AD 1600 increased grazing could provide erosion triggering factors and climatic
deterioration propagates vegetation breaches leading to widespread mobilisation


































































Figure 6.10: The period AD 1300-1700 sees substantial climatic changes in
Iceland. (a) shows the multi-proxy reconstructed temperature curve (Mann
et al., 2009), with averages over the periods bounded by tephra indicated by
black bars. (b) shows deviations from the mean in Na+ from the GISP ice core,
a proxy for storminess (Meeker and Mayskwi, 2002). (c) shows SeAR (error bars
show 95% CI) from profiles at Hrífunes and Flaga (n=55) landholdings (50–230
m asl) which shows SeAR rates correlating closely with temperature. (d) shows
SeAR from profiles above 250 m (n=64), which shows poor correlation with
climatic signals.
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of deep lowland sediments.
6.4.2 The 18
th
century — a comparison
The 18th century had three periods of significant population decline of which we
have good historical records (Section 3.3.1). However the chronological
resolution provided by tephra over this period is not as well resolved as AD
1389–1500, with 95 years separating the tephras of K 1660 and 90 years between
K 1755 and H 1845, and the L 1783 tephra is recorded in only 34 profiles.
Additionally the erosion of deep lowland sediments by this period enhances
SeAR rates in all areas generally which may mask trends caused by changes in
land use intensity. (Figure 6.1).
6.5 Key Points
• Long term trends in sediment flux in Skaftártunga can be related to
existing models of landscape change.
• Population decline can be an explanation for a period of increased
landscape stability AD 1389–1597 at the scale of the region, which cannot
be explained by existing models of landscape change, and is consistent
with reductions in grazing caused by population decline.
• The pattern of change in the period AD 1389–1597 varies, with lower
altitude areas experiencing increasing SeAR, reflecting deteriorating
climate, and higher altitude areas seeing no change in SeAR over this
period. This can be interpreted as reflecting declining pressure on
rangeland grazing, but no or little change in grazing in lower altitude
areas .
• Population decline may have delayed the onset of extensive erosion of
lowland soils which starts after AD 1625, in a period of similar climatic




This thesis examines the role that sudden declines in population have on
landscapes in pastoral farming systems. This chapter summaries the key
findings of this study. Two main research objectives have been tackled: firstly to
enhance methodologies for assessing landscape change using tephrochronology,
and secondly a critical assessment of population and geomorphological change
over the past 1200 years in Skaftártunga. This chapter reflects on how this
study has achieved these aims and evaluates wider implications arising from the
work in this thesis.
7.2 Tephrochronology and landscape change
The resolution of existing models of landscape change has typically been that of
decades to centuries, and existing measurement techniques have been sufficient
for observing large scale changes such as the widespread increase in SeARs after
AD 1500 (Dugmore & Buckland, 1991; Dugmore & Erskine, 1994). The focus of
this study is on changes over years and decades within a period of 150 years so
higher resolution measurements of sequences were required. In addition
alternative indicators of overall landscape stability were considered. These
enhancements and their implications are summarised below.
7.2.1 Methodological improvements
Improved measurement of sedimentary sequences A novel application
of photogrammetric techniques to the 2D measurement of stratigraphic
sequences of tephra and sediment was presented in Section 4.3.4.
Systematic errors caused by the internal camera geometry were <1± mm,
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and in total the error was ±1 mm for the measurement of sequences 2 m
away from the camera. These results were verified by comparing multiple
manual measurements of sediment with photogrammetric measurements.
Greater numbers of manual measurements produced values closer to that
achieved by photogrammetric measurement, which indicates
photogrammetric measurement produces figure close to the actual
sediment depth.
In addition to improved resolution of measurement this technique improves
the frequency of measurements. This is significant because of the spatial
variability at mm to cm scales in the thickness of tephra. This variability
means that although single measurements can be representative,
comparisons of photogrammetric and manual measurements show that
∼20% of single measurements are not representative of the actual
sediment depth. Based on the variability in thickness in stratigraphic
units around 20 measurements are needed to give mean measures of depth
with an an error of ±2.5 mm (to a 95% confidence interval).
The value of this new approach is that statistical techniques can be
applied rigorously to measurements of stratigraphic sequences.
Improved dating of tephra using SeAR models SeAR has been used to
estimate the age of tephra in both pre-Landnám and post-Landnám
sequences. In pre-Landnám sequences, small numbers of measurements
combined with uncertainties in the radiocarbon dating of bounding layers
can limit the accuracy multiple decades or to century time-scales (to ±250
years (e.g. Óladóttir et al., 2005). Where stratigraphic units are well
bounded (for instance in post-Landnám sequences where tephra have been
matched to historical eruptions) the accuracy of dating has been routinely
limited because of the small number of measurements taken.
This study dates tephra layers to ±5 years (±1σ), based on hundreds of
measures of sediment accumulation from two profiles (Section 4.2.3).
These measurements were shown to be robust because they were
replicated by dating the same tephra using lower resolution measurements
from 75 profiles. This resolution of dating using SeAR is dependant on
two criteria; a high sedimentation rate, which separates chronologically
close tephra, and a small time period between tephras of known age (in
this case 61 years). Lower sediment accumulation rates and a larger age
separation between securely dated tephra would increase the error of age
estimates. Where the dates of tephra used to bound SeAR calculations
have uncertainties themselves (for example they were dated by
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radiocarbon dating of associated organic material) the application of this
technique in a Bayesian framework (see Church et al., 2007) could be used.
The dating resolution of these tephra is of suitable precision to make a
worthwhile contribution to understanding rapid (sub decadal) change, so
the improved techniques of SeAR dating aids the investigation and
assessment of human-ecodynamics and coupled socio-ecological systems.
Alternative indicators of landscape stability Sediment accumulation rates
have been frequently used to identify past episodes of landscape change
(e.g. Dugmore & Buckland, 1991; Simpson et al., 2001; Dugmore et al.,
2009). This study quantifies variation across the landscape and uses it to
identify periods of enhanced landscape stability. Deviations in SeAR rates
from the profile mean as opposed to regional mean to are used to
successfully identify changes otherwise obscured by the large variations in
SeAR which are seen across the landscape.
These indicators can be used in addition to straightforward changes in
SeAR to gain a better understanding of landscape stability.
7.2.2 Data presented
This thesis identifies 2625 separate tephra deposits from 200 stratigraphic
sections. Highlights of new tephrochronological insights gained in this thesis are:
Mapping two little known Grímsvötn tephra This study maps for the
first time the extent of two 15th century tephra layers from Grímsvötn
over ∼400 km2 (Section 5.2.3), and correlates the G 1457±5 layer with
two published stratigraphic sections; a profile closer to Grímsvtötn
(Óladóttir et al., 2011b), and a Grímsvötn tephra in Mýrdaur (Erlendsson
et al., 2009), 45 km to the south west of Skaftártunga.
This data could be combined with a more extensive program out with
Skaftártunga to better the constrain the volume of total tephra erupted,
determine eruption dynamics and map the full fallout extent.
Dating of two 15
th
century Grímsvötn tephra This study dated two
tephra layers from Grímsvötn to AD 1432±5 and AD 1457±5 (Section
5.2.3).
This dating of two tephra enhances the chronology of the poorly known
15th century and permits a finer scale investigation of landscape changes
in a crucial period in Icelandic history, when modern economies
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developed, climate changes of the Little Ice Age developed and the world
stood on the threshold of a period of European dominance.
Improved post-Landnám tephrochronology of Skaftártunga
Composite chronologies for Skaftártunga from Larsen, 2000; Larsen et al.,
2001; Óladóttir et al., 2005 were used to identify tephra tephra in the
field. In addition to tephra layers previously found in this area deposits
from the H 1104 eruption have been recorded for the first time, as well as
an undated Grímsvötn tephra from the 12th century.
In addition to landscape applications considered here this enhanced
tephrochronology is ready for new applications in archaeological,
geological and paleo-environmental studies.
7.3 The landscape impact of population decline
The second research goal of the thesis was to investigate landscape change after
two 15th century plagues in Skaftártunga. Contrasting possible impacts of
population change were tested, namely; decreased impact, no impact, increased
impact and changes in spatial patterns of impact. To establish pre- and post-
plague trajectories of change contrasting scales of research were undertaken to
examine both detailed SeARs over the 1200 years of settlement and lower
resolution studies for ∼1400 years prior to Landnám. The main findings of this
research can be summarised as:
A period of landscape stability AD 1389–1597 There was a period of
landscape stability from AD 1389–1597 in the Skaftártunga. This stability
is consistent with a reduction in grazing pressure as a result of population
decline. This period of landscape stability occurs at the same time as a
period of climatic deterioration (where other periods of climatic
deterioration of comparable magnitude show increases in erosion)
suggesting that there was a reduction in intensity of land use over this
period.
There are no increases in impact that can be related to population decline.
Spatial patterns of impact related to population decline Lowland
landholdings show a decline in SeAR after AD 1389 for 26 years, then
increases in SeAR over the rest of the 15th century, while higher altitude
grazing areas generally see no systematic change in this period. This is
interpreted as a result of continued use of lowland areas combined with
reduced use in upland areas. There is little evidence that increases of
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SeAR in lowland areas were due to less effective land management
techniques, a possible response to reduced labour, as increases in SeAR
can be explained by climatic deterioration in the period AD 1450–1500.
Change at individual sites High resolution photogrammetric measurements
from 27 stratigraphic sections match the pattern of change seen in
aggregate measures of accumulation, with more than 50% of profiles
recorded using this technique having the lowest SeAR rates during the
period AD 1389–1416, suggesting that this was a period of lower than
usual grazing impact.
Integrated spatio-temporal model of landscape change Data from this
study was evaluated against a new synthesis of existing models of
landscape change (Dugmore & Buckland, 1991; Simpson et al., 2001;
Mairs et al., 2006; Dugmore et al., 2009). Records of landscape change in
Skaftártunga can be explained by these models with the addition of
reduced grazing impact related to demographic decline. Initial landscape
impact (AD 870–935) is larger in marginal upland areas (Dugmore &
Buckland, 1991), areas which would have had woodland cover see
increases in SeARs over the period of woodland clearance (AD 935–1262,
Mairs et al., 2006). Erosion increases again in higher altitude areas of
rangeland grazing after AD 1300 probably due to difficulties in managing
an increasingly unpredictable climate (Simpson et al., 2001). Increases in
sediment flux which start after AD 1500 around Eyjafjallajökull, and have
been related to the encroachment of erosion fronts onto deep lowland
sediments (Dugmore et al., 2009) start in Skaftártunga around AD 1600.
A possible explanation for this 100 year difference is the generally lower
altitude of grazing areas found in Skaftártunga which could make them
less vulnerable to the impact of climatic deterioration.
Possible century scale consequences of population decline SeAR and
variability increase in all areas after AD 1625 during a period of similar
climate to AD 1420–1500, which does not generally see increases in
indicators of erosion. This is explained by a loss of resilience in the 17th
century. Increases in resilience in the 15th century are consistent with a
lower grazing impact.
Based on the evidence presented it is possible to evaluate the hypothesis
proposed in Chapter 1. The hypothesis that best matches the geomorphic
consequences of population decline is: (i) there is a decline in erosion. The
hypothesis that landscape impact increases as a result of feral or unmanaged
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sheep grazing at damaging times can be rejected. There is no indication that
there was a systematic change in land use, but instead it seems most likely there
was a proportional decline in the intensity of existing patterns of land use.
The second hypothesis tested was that declining population affected
landscape resilience, either increasing resilience, decreasing resilience or having
no effect. Differing impacts of climate in the period of AD 1420–1500 and AD
1600 onwards are consistent with an increase of landscape resilience as a result
of a scaling back of landscape use, therefore this thesis accepts the hypothesis
that the plague did increase landscape resilience. The final hypothesis tested
was, at what scales are patterns of landscape change as a result of population
decline visible? This thesis found that landscape change indicating declining
landscape pressure was found at all the scales tested (regional, landholdings and
slopes).
7.4 Wider Implications
There are implications for both tephrochronology and human eco-dynamics.
7.4.1 Improved measurement of sequences
Reconstructions of the volume of tephra production are based commonly based
on isopachs of terrestrial fallout and therefore dependant on representative
measures of tephra thickness. Where tephra thickness is variable increasing the
number of measurements within sections could create more representative
measures of mean thickness.
This technique provides a way to start realising the full potential of
tephrochronology for ‘3-D’ reconstructions of landscape, over the scales of cm to
metre and years to centuries that are vital for understanding
human-ecodynamics (Dugmore et al., 2004). There is considerable potential for
GIS applications within tephrochronology (Newton et al., 2007; Lowe, 2011),
and it is planned that data from this project will be be analysed further to
tackle other environmental and human eco-dynamic questions. For example key
scales of variation within tephra layers and specific stratigraphic units (e.g.
aeolian sediment) can be assessed: what ranges of variability occur on scales of
103 to 10−2m2?
High resolution measurement is key to understanding transformations of
tephra layers themselves — from initial fallout, through surface re-working, the
formation of a stratigraphic record to later transformations of the stratigraphic
record. The taphonomy of tephra layers in stratigraphic sequences may reflect
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both the environment at the time of deposition, for example the vegetation
cover, and the post-depositional reworking of the tephra. Investigations of
geomorphological features indicative of post-depositional reworking within
stratigraphic sequences, such as thufur, solifluction lobes and other
cryoturbation features (e.g. Kirkbride & Dugmore, 2005), direct anthropogenic
re-working of the tephra (Erlendsson et al., 2009) and shear zones within tephra
sequences which may indicate earthquakes, all could benefit with the
application of this technique.
Where archaeological features such as charcoal pits have been dated by a
combination of radiocarbon and SeAR (e.g. Church et al., 2007) this technique
could be generally applied to produce more wide ranging environmental
reconstructions of comparable resolution and scale. The application of
tephrochronology to a wide range of academic disciplines such as archaeology is
improved if more tephra can be dated, even when this is done by less accurate
methods such as SeAR. However the dating using SeAR to within 10 years is of
comparable or better resolution than radiocarbon dating. This scale is of great
utility for archaeological and other paleo-environmental records.
7.4.2 Impact of population decline on landscapes
The spatial and temporal implications of population changes, including periods
of population decline, need to be considered as events that can be recorded in
environmental records. Changes in landscape stability suggest there was an
overall decline in intensity of grazing, but that this varied spatially, with more
marginal areas seeing bigger declines. These changes had a spatially variable
effect on landscape resilience to later climatic change and human impact. There
was no indication that impact increased.
One possible interpretation of the landscape-scale record through the
plagues is that a cull of the human population simply eases environmental
pressures, however this suggestion is too simplistic. The consequences of both
the plague years and other periodic stressors of medieval to early modern
Icelandic society are not only seen in the avoidance of collapse; they are also
bound up with other possible outcomes that did not occur. In the aftermath of
profound increases in mortality the Icelanders did not either panic or succumb
to apathy, both of which would have resulted in large flocks of sheep becoming
feral. This was a real possibility; in the AD 1860s a flock of 100 feral sheep were
present in the highlands east of Skaftártunga, descendants of two ewes and a
ram which had escaped in AD 1820 (Adalsteinsson, 1981). That this did not
occur is probably related to the fact livestock in 15th century Iceland were the
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basis of individual wealth; for livestock to become a common resource would
have torn apart the fabric of that society.
In addition, there is no evidence that Icelanders reacted opportunistically
and abandoned or reduced the more labour intensive cattle raising in favour of
keeping larger numbers of sheep, which in many ways would have been an ideal
solution to an acute lack of manpower and the need to maintain food
production. This is all the more remarkable because sheep ratios had been
rising at least since the 12th century, most noticeably in the smallest
landholdings. The big change in sheep numbers in Skaftártunga did not come
until early modern times. The history of this development is not known in
detail but the main outlines are clear, and there are no indications that the
ratio rose faster in the 15th or early 16th centuries than before or after (personal
communication, Orri Vésteinsson). It is likely that in the aftermath of the
plague, people acted to conserve the core functionality of the economy; despite
the labour requirements they scaled back to more balanced ratios of cattle to
sheep and preserved their cattle herds, which in Skaftártunga were maintained
through into the early AD 1700s.
Skaftártunga’s location between the coastal lowlands and sandur to the
south, and the interior to north, the presence of Betula spp. and Salix spp.
woodland prior to settlement and where winter grazing is possible even in the
coldest decades means that the area is typical of the best agricultural land in
Iceland. Therefore its response to population decline after the plagues can be
considered representative of these areas elsewhere in Iceland.
7.5 Future research directions
Further work may seek to look for ‘early warning signals’ (Scheffer et al., 2009)
of threshold landscape changes, for example the initiation of erosion in deep
lowland sediments. A possible forerunner to erosion in lowland sediments could
be prolonged instability in freshly fallen tephra, which would produce a
stratigraphic signal of increased variation in tephra thickness. One approach
could be to characterise variability in tephra thickness due to post-depositional
reworking (that is, thickness variability independent of variations due to
differing fallout thickness) as being a signal of a system with reduced resilience
and one that is close to or approaching a threshold of change (Section 2.4,
Scheffer et al., 2009). This could be linked to studies of variability in modern
tephra falls, and determining how this variability is related to vegetation cover
and current landscape stability. How much does the form of the tephra reflect
the vegetation cover at the time of deposition, or is variability simply a
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reflection of tephra depth?
A further question which this research raises is that we know relatively little
about how livestock ratios changed prior to the AD 1700s in the south of
Iceland. Analysis of archaeofauna could help to improve the understanding of
how livestock ratios change after settlement, especially if it was done using the
high resolution tephrochronological framework available. This data is needed in
order to evaluate to what extent changes in landscape stability seen throughout
the earlier settlement period may be explained by increasing proportions of
ecologically damaging sheep.
This new data set has validated some of the existing theories of landscape
change and soil erosion in post-Landnám Iceland, however it also identifies
trends which currently are not well understood. The decline in SeAR and
increasing indicators of landscape stability after AD 1206 are here tentatively
linked with the end of a transition from woodland to open grassland. However
without archaeological evidence of woodland management such as charcoal pits
this hypothesis is still largely untested, and it is worthy of further investigation.
An alternative explanation is simply that this is an artefact of the dating
separation between tephras in AD 935 and AD 1206, which extends a relatively
short lived period of landscape change associated with settlement over a period
of 271 years. This is supported by the fact that where the H 1104 tephra is
present (25% of stratigraphic sections) indications of landscape instability
decline before AD 1206.
More work could be done on the geometry of erosion at the slope scale as
the data here confirms earlier work showing that SeAR are increased greatly by
proximity to active eroding slopes (Dugmore & Erskine, 1994) and is therefore
crucial to interpreting aggregated changes in SeAR across many profiles. A
better understanding of how erosion progressed at individual sites may allow for
individual stratigraphic sections to be ’corrected’ relative to the regional SeAR
signal, and by doing so aggregate measures of SeAR could then be tested for
correlations against wider climatic records.
7.6 Resilience of pastoral socio-natural systems
to episodes of demographic decline
This thesis shows that periods of demographic decline can be detected in
geomorphic records provided chronological control of high enough resolution is
available. The ultimate impact of population decline and subsequent decline in
grazing in pastoral environments is one of increasing landscape resilience.
CHAPTER 7. CONCLUSIONS 161
However increased landscape resilience is only apparent in periods where human
populations are low, increased landscape resilience does not persist longer than
the period of human population decline.
Geomorphic thresholds of erosion in deeper lowland soils are known to have
been crossed around Eyjafjallajökull after AD 1510 (Dugmore & Buckland,
1991) but here, with better chronological control they can be show to have
taken place after AD 1597. This coincides with a period of climatic
deterioration. Climatic conditions during the period AD 1450–1500 were
similar, but are not associated with increases in erosion. The delayed onset of
threshold-crossing soil erosion could be a result of lower grazing pressure due to
the maintenance of cattle herds and limited development of sheep flocks.
Despite large demographic changes the complex socio-ecological system of the
farming communities of southern Iceland did not collapse or change significantly
their farming methods, but the consequence was large scale, effectively
irreversible transformation of landscapes.
In southern Iceland there are no indications that abrupt population decline
precipitated enhanced environmental impact and so those episodes did not
result in changes in the livestock mix, or badly managed or feral populations of
sheep and goats. The plagues and resultant demographic shocks in 15th century
Iceland did not propagate into ‘collapse’ indicating that this social-ecological
system was resilient.
Scaling back and conserving core-functionality was perhaps not a dynamic
response, but it was also not the easy response to the crises of the 15th century.
It reveals both a functional resilience as well as an ideological one; in spite of
calamity on such an enormous and unprecedented scale that it must have led to
questioning about the viability of the socio-economic order, people seem to have
maintained confidence in the basic soundness of their system and a belief that it
would recover if its basic premises were not allowed to become derailed. Their
belief proved them right even if one of the side-effects may have been reduced
dynamism and further entrenching of the established order. Echoes of these
choices can be heard today, as we face similar options of continuity or change




Measuring sediment sequences with
ImageJ
Firstly the photograph is loaded into the software ImageJ. ImageJ is an open
source imaging software and is available from
http://rsbweb.nih.gov/ij/index.html. Its inbuilt measurement tools are used to
measure the plastic targets created for scale. The plug in My Plugin.class was
selected by selecting Plugins — > Compile and Run and then navigating to the
folder where the file is stored. For uneven tephra layers the Freehand line
selection tool (selected by right clicking on the line selection toolbar button)
was used. It is then possible to trace the tephra for measurement and the
output of xy coordinates will appear in a Log window. These results can then
be copied and analysed in a suitable program. In this thesis the LOOKUP
function of MS Excel was used to ensure that only pairs of coordinates where
the x coordinates matched were selected and used as measurements.
An example of the plugin being used is shown in Figure A.1
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Figure A.1: Measuring sediment sequences with ImageJ











This JAVA plugin for the ImageJ software implements the
MouseListener and MouseMotionListener interfaces and
listens for mouse events generated by the current image.
When the user traces a line on the image the xy
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coordinates are recorded and stored in a Log dialogue box, these can
then be copied into another program or saved.
It extends already the existing classes mouseListener() and








static Vector images = new Vector();





public void run(ImageProcessor ip) {
IJ.showMessage("My_Plugin","This plug in is for the measurement
of tephra layers \n It records the xy coordinates as you drag the
mouse along. \n");
Integer id = new Integer(img.getID());
if (images.contains(id)) {
IJ.log("Already listening to this image");
return;
} else {









public void mousePressed(MouseEvent e) {
int x = e.getX();
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int y = e.getY();
int offscreenX = canvas.offScreenX(x);
int offscreenY = canvas.offScreenY(y);
}
public void mouseReleased(MouseEvent e) {
// IJ.log("nothing ");
}
// Logs movement when the mouse is dragged
public void mouseDragged(MouseEvent e) {
int x = e.getX();
int y = e.getY();
int offscreenX = canvas.offScreenX(x);
int offscreenY = canvas.offScreenY(y);
IJ.log(offscreenX+","+offscreenY);
}
public static String modifiers(int flags) {
String s = " [ ";
if (flags == 0) return "";
if ((flags & Event.SHIFT_MASK) != 0) s += "Shift ";
if ((flags & Event.CTRL_MASK) != 0) s += "Control ";
if ((flags & Event.META_MASK) != 0) s += "Meta (right button) ";
if ((flags & Event.ALT_MASK) != 0) s += "Alt ";
s += "]";
if (s.equals(" [ ]"))
s = " [no modifiers]";
return s;
}
public void mouseExited(MouseEvent e) {}
public void mouseClicked(MouseEvent e) {}
public void mouseEntered(MouseEvent e) {}




The GPS profile locations and altitudes for 200 stratigraphic profiles, as well as
the year they were recorded.
Table B.1: GPS location and altitudes for stratigraphic profiles
Profile Number Year recorded Longitude Latitude Altitude (m)
1 2008 -18.501122 63.634628 57
2 2008 18.587917 63.743000 219
3 2008 -18.575904 63.740071 219
4 2008 -18.575007 63.739898 220
5 2008 -18.574646 63.739736 219
6 2008 -18.574169 63.739641 219
7 2008 -18.574169 63.739641 219
8 2008 -18.573733 63.740632 222
9 2008 -18.613534 63.738458 168
10 2008 -18.612169 63.739143 159
11 2008 -18.612808 63.739378 159
12 2008 -18.614379 63.739942 164
13 2008 18.614666 63.740315 165
14 2008 -18.587328 63.869972 380
15 2008 -18.588555 63.870349 382
16 2008 -18.585848 63.871089 363
17 2008 -18.585084 63.870611 365
18 2008 -18.583956 63.868773 360
19 2008 -18.583956 63.868773 360
20 2008 -18.574972 63.813556 234
21 2008 -18.574972 63.813556 234
22 2008 -18.544205 63.630437 100
23 2008 -18.543955 63.630678 103
Continued on next page . . .
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Continued . . .
Profile Number Year recorded Longitude Latitude Altitude (m)
24 2008 -18.501250 63.634487 57
25 2008 -18.501411 63.634434 57
26 2008 -18.501599 63.634381 58
27 2008 -18.501746 63.634346 58
28 2008 -18.502027 63.634347 58
29 2008 -18.502174 63.634318 59
30 2008 -18.502321 63.634348 59
31 2008 -18.502494 63.634367 58
32 2008 -18.502668 63.634349 58
33 2008 -18.757914 63.423555 110
34 2008 -18.759065 63.423428 92
35 2008 -18.758766 63.424844 112
36 2008 -18.765505 63.434034 95
37 2008 -18.765546 63.434034 95
38 2008 -18.500800 63.634622 59
39 2008 -18.762742 63.510724 234
40 2008 -18.763616 63.510987 234
41 2008 -18.764301 63.510553 224
42 2008 -18.765480 63.509424 146
43 2008 -18.768399 63.509690 134
44 2008 -18.772914 63.529620 221
45 2008 -18.723051 63.811080 454
46 2008 -18.723306 63.811049 452
47 2008 -18.722895 63.811117 458
48 2008 -18.722073 63.811353 460
49 2008 -18.721959 63.811440 461
50 2008 -18.721945 63.811434 460
51 2008 -18.721958 63.811546 462
52 2008 -18.678607 63.732456 338
53 2008 -18.679300 63.732503 336
54 2008 -18.659380 63.670750 138
55 2008 -18.659390 63.670750 138
56 2008 -18.649525 63.673683 140
57 2008 -18.734800 63.736500 207
58 2008 -18.734900 63.736500 208
59 2008 -18.734900 63.736200 209
60 2008 -18.533889 63.782222 260
61 2008 -18.533510 63.778825 263
Continued on next page . . .
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Continued . . .
Profile Number Year recorded Longitude Latitude Altitude (m)
62 2008 -18.533384 63.779220 263
63 2008 -18.539128 63.778262 285
64 2008 -18.539197 63.777708 283
65 2008 -18.540730 63.778848 299
66 2008 -18.539024 63.777364 282
67 2008 -18.539087 63.777127 283
68 2008 -18.596528 63.855333 331
69 2008 -18.589940 63.836274 332
70 2008 -18.590805 63.836738 328
71 2008 -18.591326 63.836801 325
72 2008 -18.602694 63.850167 332
73 2008 -18.603386 63.850530 335
74 2008 -18.600325 63.851478 338
75 2008 -18.600325 63.851278 341
76 2008 -18.589678 63.837188 325
77 2008 -18.589336 63.836881 331
78 2008 -18.588800 63.837951 326
79 2008 -18.587419 63.837564 329
80 2008 -18.600856 63.838417 312
81 2008 -18.600233 63.838672 322
82 2008 -18.588593 63.840246 319
83 2008 -18.588592 63.840323 320
84 2008 -18.543917 63.653333 209
85 2008 -18.542668 63.652194 212
86 2008 -18.545367 63.652094 206
87 2008 -18.545009 63.654018 211
88 2008 -18.540083 63.661416 218
89 2008 -18.539821 63.661400 218
90 2008 -18.539705 63.661410 218
91 2008 -18.496199 63.639330 70
92 2008 -18.497366 63.639037 70
93 2008 -18.499527 63.641012 89
94 2008 -18.500439 63.642010 94
95 2008 -18.503673 63.656690 58
96 2008 -18.504509 63.656566 60
97 2008 -18.582448 63.784499 216
98 2008 -18.583095 63.784789 217
99 2008 -18.581417 63.784484 216
Continued on next page . . .
APPENDIX B. PROFILE LOCATIONS 170
Continued . . .
Profile Number Year recorded Longitude Latitude Altitude (m)
100 2008 -18.581227 63.784508 216
101 2008 -18.570048 63.777429 214
102 2008 -18.570078 63.777237 214
103 2008 -18.571361 63.776701 211
104 2008 -18.574947 63.776364 208
105 2008 -18.617472 63.735744 184
106 2008 -18.617419 63.735684 184
107 2008 -18.617473 63.735720 184
108 2008 -18.617310 63.735732 184
109 2008 -18.595770 63.726743 163
110 2008 -18.595771 63.726707 160
111 2008 -18.595497 63.726898 158
112 2008 -18.595225 63.727017 155
113 2008 -18.483567 63.770743 151
114 2008 -18.483480 63.770716 151
115 2008 -18.483952 63.770511 151
116 2008 -18.486886 63.768629 138
117 2008 -18.486827 63.768655 139
118 2008 -18.486797 63.768668 141
119 2008 -18.495089 63.768361 159
120 2008 -18.495768 63.768052 158
121 2009 -18.494503 63.768359 159
122 2009 -18.500000 63.634722 59
123 2009 -18.500278 63.634444 60
124 2009 -18.500556 63.634444 63
125 2009 -18.670833 63.763611 355
126 2009 -18.670278 63.763333 331
127 2009 -18.669722 63.763333 331
128 2009 -18.551111 63.816944 246
129 2009 -18.549167 63.815000 234
130 2009 -18.548889 63.814444 232
131 2009 -18.552778 63.811389 232
132 2009 -18.559444 63.818889 297
133 2009 -18.564722 63.817500 304
134 2009 -18.570278 63.805278 236
135 2009 -18.490556 63.639167 58
136 2009 -18.577500 63.782500 208
137 2009 -18.573889 63.781667 206
Continued on next page . . .
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Continued . . .
Profile Number Year recorded Longitude Latitude Altitude (m)
138 2009 -18.587500 63.770000 212
139 2009 -18.569167 63.768889 203
140 2009 -18.565000 63.770278 217
141 2009 -18.487500 63.727778 250
142 2009 -18.473889 63.728611 233
143 2009 -18.460000 63.734722 186
144 2009 -18.450556 63.735556 135
145 2009 -18.472778 63.726667 251
146 2009 -18.528056 63.656389 206
147 2009 -18.531111 63.660000 215
148 2009 -18.530000 63.663889 196
149 2009 -18.535833 63.665278 223
150 2009 -18.541667 63.649722 196
151 2009 -18.532778 63.676389 176
152 2009 -18.548056 63.678333 212
153 2009 -18.556667 63.676667 213
154 2009 -18.518056 63.663056 140
155 2009 -18.523889 63.663889 141
156 2009 -18.525556 63.668056 141
157 2009 -18.591389 63.831667 342
158 2009 -18.597778 63.826389 316
159 2009 -18.604444 63.803889 308
160 2009 -18.614167 63.800833 300
161 2010 -18.526390 63.637220 114
162 2010 -18.526390 63.636940 117
163 2010 -18.555830 63.635000 149
164 2010 -18.554720 63.636670 155
165 2010 -18.526390 63.636940 119
166 2010 -18.526390 63.637220 111
167 2010 -18.555280 63.635280 159
168 2010 -18.555830 63.634720 154
169 2010 -18.590000 63.883890 320
170 2010 -18.590280 63.884170 328
171 2010 -18.532780 63.785000 244
172 2010 -18.530280 63.786110 243
173 2010 -18.530280 63.786110 247
174 2010 -18.589440 63.866670 318
175 2010 -18.589440 63.883060 324
Continued on next page . . .
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Continued . . .
Profile Number Year recorded Longitude Latitude Altitude (m)
176 2010 -18.589440 63.883060 324
177 2010 -18.589440 63.883060 324
178 2010 -18.589720 63.883610 325
179 2010 -18.530560 63.785000 242
180 2010 -18.541670 63.795560 289
181 2010 18.541390 63.795830 282
182 2010 -18.534440 63.798610 285
183 2010 -18.529170 63.803890 224
184 2010 -18.541670 63.795830 279
185 2010 -18.534170 63.798610 287
186 2010 -18.534170 63.798890 292
187 2010 -18.534170 63.798890 290
188 2010 -18.533890 63.798610 289
189 2010 -18.529170 63.803890 224
190 2010 -18.530000 63.803610 218
191 2010 -18.481110 63.701390 67
192 2010 -18.505280 63.794440 188
193 2010 -18.505280 63.794440 181
194 2010 -18.510830 63.644440 128
195 2010 -18.510280 63.644440 126
196 2010 -18.481110 63.701390 64
197 2010 -18.506390 63.794170 176
198 2010 -18.506390 63.794170 182
199 2010 -18.509720 63.644440 183
200 2010 -18.510280 63.644440 124
Appendix C
Geochemical analysis results
Full geochemical analysis results for analysis on the EMPA microprobe at the
NERC Tephra analytical unit at the University of Edinburgh. Standards
analysed are indicated by the Tables C.1 and C.2.
Table C.1: Standards used for analyses




K , K Orthoclase-BL7
Ca, Ca, Si Wollast-BL8
Fe Fayalite
P , P P K4
Ti, Ti Rutile-BL8
Mn PuMn -BL8
Full results of analysis. Sample numbers are based on the name of the
profile recorded, and the identification of the tephra layer provided in Table 5.2.
The sample name is guided by the original field identification of the tephra, and
is not necessarily the actual identification, i.e. two samples were field identified
as H 1300, but were actually Katla tephra. This is made clear in the table.
Firstly tephras dating before AD 1400 are presented (Table C.3), then AD
1400–1500, including the Grímsvötn tephra (Table C.4, page 183), then tephras
sampled in the period after AD 1500 (Table C.5, page 185).
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Table C.2: Composition of standards
Standard name Composition
Jadeite-BL7 Na : 11.34%, Al : 13.23%, Si : 27.78%, Fe :
0.17%, O : 47.65%
Spinel-BL8 Mg : 17.084%, Al : 37.9306%, O : 44.9854%
BIR1G-BLG1 O : 44.6498%, Na : 1.82%, Mg : 5.8491%,
Al : 8.1995%, Si : 22.2973%, P : 0.0092%,
K : 0.0249%, Ca : 9.9095%, Ti : 0.575%, Cr
: 0.05%, Mn : 0.1355%, Fe : 6.4802%, Sr :
0.%
Orthoclase-BL7 Na : 1.65%, Al : 9.69%, Si : 30.27%, K :
12.6%, O : 45.87%
Wollast-BL8 Mg : 0.17%, Al : 0.03%, Si : 24.%, Ca :
34.32%, Mn : 0.05%, Fe : 0.28%, O : 41.37%
Fayalite Fe : 54.8113%, Si : 13.7823%, O : 31.4064%
P K4 O : 38.77%, F : 3.53%, Na : 0.17%, Si :
0.16%, P : 17.8%, Cl : 0.41%, Ca : 38.61%,
Sr : 0.06%, Ce : 0.85%
Rutile-BL8 Ti : 59.34%, O : 39.89%, Mg : 0.01%, Fe :
0.59%, Nb : 0.17%
PuMn -BL8 Mn : 100.%
Table C.3: Results of geochemical analyses for tephras prior to AD 1400
SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
SILK-UN, Profile 135
64.18 1.42 13.99 6.32 0.20 1.30 3.51 4.72 2.55 0.27 98.45
64.82 1.42 14.00 5.77 0.21 1.32 3.35 4.77 2.65 0.26 98.58
64.48 1.41 14.06 5.90 0.20 1.39 3.54 4.56 2.58 0.27 98.42
65.14 1.43 13.80 6.18 0.19 1.27 3.17 4.73 2.64 0.27 98.82
64.71 1.42 13.56 6.07 0.20 1.37 3.32 4.76 2.62 0.27 98.3
65.42 1.40 13.82 5.64 0.21 1.34 3.48 4.70 2.58 0.26 98.85
64.61 1.43 13.90 5.90 0.22 1.29 3.52 4.60 2.60 0.26 98.35
64.55 1.41 13.94 6.13 0.22 1.30 3.43 4.61 2.64 0.26 98.48
64.50 1.42 13.78 5.85 0.21 1.36 3.45 4.48 2.67 0.26 97.97
65.11 1.41 14.02 6.24 0.21 1.42 3.64 4.59 2.62 0.28 99.54
SILK-UN, Profile 147
65.26 1.44 13.78 5.99 0.22 1.36 3.59 4.82 2.47 0.26 99.17
64.27 1.42 13.85 6.20 0.20 1.26 3.51 4.87 2.56 0.28 98.42
64.76 1.41 13.65 6.23 0.21 1.26 3.30 4.61 2.62 0.26 98.33
65.74 1.40 14.09 5.97 0.22 1.32 3.52 4.67 2.73 0.24 99.91
Continued on next page . . .
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
64.29 1.42 13.84 5.83 0.19 1.31 3.48 4.56 2.64 0.27 97.83
64.34 1.40 13.59 6.19 0.20 1.37 3.44 4.45 2.56 0.27 97.82
64.86 1.41 13.72 6.05 0.22 1.31 3.50 4.63 2.64 0.26 98.61
64.33 1.41 14.13 5.77 0.20 1.31 3.35 4.87 2.61 0.27 98.24
65.23 1.42 14.08 6.17 0.22 1.41 3.44 4.49 2.64 0.26 99.35
64.34 1.40 13.96 6.48 0.21 1.45 3.56 4.54 2.50 0.25 98.69
Landnám, Profile 17
49.57 1.82 13.45 12.17 0.22 6.71 11.65 2.45 0.22 0.15 98.41
50.15 1.79 13.40 12.41 0.22 6.81 11.62 2.38 0.20 0.14 99.12
49.40 1.82 13.85 11.97 0.23 6.61 11.69 2.36 0.20 0.15 98.28
49.91 1.82 14.08 12.43 0.21 6.76 11.60 2.45 0.19 0.15 99.61
49.65 1.80 14.01 12.62 0.21 6.84 11.78 2.38 0.22 0.14 99.64
46.40 5.11 11.88 15.33 0.27 4.85 9.86 3.33 0.73 0.54 98.29
49.89 1.83 14.08 12.79 0.22 6.59 11.39 2.34 0.21 0.15 99.49
49.67 1.85 13.88 12.28 0.22 6.89 11.79 2.32 0.20 0.14 99.24
48.72 1.83 13.41 12.63 0.23 6.86 12.00 2.42 0.21 0.14 98.44
Grimsvotn 12thC, Profile 130
48.54 2.91 13.15 12.99 0.23 5.70 9.97 2.78 0.43 0.29 97.00
49.97 2.68 13.70 13.27 0.22 5.49 9.73 2.93 0.47 0.29 98.76
48.73 2.81 13.43 13.46 0.23 5.82 10.35 2.91 0.44 0.27 98.43
48.76 2.76 13.35 13.61 0.22 5.77 10.04 2.75 0.39 0.27 97.92
47.96 2.82 13.28 13.44 0.23 5.78 10.24 2.85 0.34 0.27 97.21
48.29 2.82 13.09 13.89 0.23 5.73 10.14 2.86 0.44 0.28 97.77
47.88 2.89 13.23 13.68 0.22 5.47 9.79 2.80 0.39 0.29 96.64
49.40 2.83 13.25 13.82 0.22 5.92 9.99 2.84 0.37 0.27 98.90
49.71 2.75 13.43 13.30 0.22 5.48 10.05 2.92 0.47 0.28 98.62
48.63 2.82 13.15 13.72 0.24 5.77 10.23 2.64 0.40 0.28 97.88
Hekla 1104, Profile 17
72.08 0.21 14.08 2.06 0.07 0.00 1.74 5.04 2.86 0.02 98.14
74.28 0.23 11.15 2.72 0.09 0.10 1.01 3.97 3.57 0.02 97.16
75.20 0.21 12.18 1.79 0.07 0.04 1.07 4.21 3.43 0.02 98.22
71.66 0.19 13.66 3.04 0.10 0.08 2.07 4.96 2.35 0.02 98.13
Hekla 1104, Profile 20
72.00 0.21 13.94 3.31 0.11 0.11 1.97 4.97 2.85 0.01 99.48
72.10 0.21 14.84 2.86 0.09 0.08 2.18 5.15 2.49 0.01 99.99
70.04 0.17 15.42 2.52 0.08 0.08 2.53 5.77 2.40 0.02 99.04
71.93 0.22 13.37 3.33 0.13 0.08 1.90 4.64 2.78 0.02 98.39
Katla 1262, Profile 17
Continued on next page . . .
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
46.68 4.66 12.61 15.00 0.26 4.85 9.02 3.17 0.84 0.71 97.79
46.71 4.66 12.40 14.25 0.25 4.84 9.39 3.39 0.78 0.71 97.37
46.93 4.67 12.76 14.67 0.25 4.91 9.24 3.43 0.81 0.70 98.37
45.12 4.64 12.40 14.57 0.23 4.60 9.42 3.14 0.83 0.72 95.67
45.75 4.66 12.80 14.53 0.22 4.75 9.06 3.16 0.77 0.73 96.41
47.39 4.66 12.80 15.17 0.24 4.83 9.29 3.25 0.80 0.69 99.12
47.06 4.67 12.68 14.42 0.24 4.85 9.19 3.23 0.81 0.72 97.87
46.39 4.67 12.54 14.62 0.24 4.65 9.40 3.25 0.90 0.72 97.39
46.08 4.35 13.20 14.72 0.22 5.10 9.93 2.93 0.68 0.46 97.66
47.42 4.70 12.57 14.47 0.25 4.88 9.44 3.08 0.76 0.75 98.33
Katla 1262, Profile 20
46.97 4.78 12.45 14.92 0.23 4.75 9.30 3.25 0.85 0.53 98.05
46.36 4.77 13.04 14.75 0.24 4.97 9.37 3.09 0.89 0.53 97.99
47.60 4.71 12.92 14.07 0.25 4.73 9.34 3.20 0.89 0.54 98.24
47.03 4.76 12.28 14.80 0.23 4.87 9.44 3.21 0.85 0.54 98.01
46.98 4.78 12.43 14.47 0.24 4.91 9.45 3.12 0.81 0.50 97.69
46.92 4.79 12.74 14.58 0.26 4.94 9.10 3.12 0.85 0.52 97.82
46.78 4.80 12.70 14.51 0.23 4.91 9.44 3.30 0.80 0.52 97.98
47.20 4.79 12.65 14.87 0.23 4.87 9.59 3.09 0.79 0.52 98.60
47.01 4.78 12.82 14.26 0.25 4.86 9.22 3.31 0.84 0.52 97.87
48.03 4.76 12.53 13.94 0.24 4.93 9.29 3.17 0.87 0.51 98.28
Hekla 1300 Profile 39 (original sam-
ple name H 1300, Katla tephra)
46.89 4.86 12.50 14.93 0.24 4.93 9.51 3.31 0.69 0.66 98.51
46.77 4.84 12.42 15.19 0.24 4.88 9.73 3.12 0.72 0.62 98.54
66.74 0.87 13.65 6.78 0.20 0.65 2.88 4.72 2.85 0.16 99.50
46.75 4.84 12.31 14.82 0.23 4.97 9.69 3.11 0.76 0.66 98.15
47.32 4.84 12.70 14.83 0.24 4.92 9.67 3.16 0.79 0.66 99.15
46.26 4.82 12.29 15.11 0.25 5.05 9.53 3.12 0.72 0.64 97.78
46.68 4.85 12.75 15.36 0.23 5.09 9.46 3.04 0.70 0.64 98.82
47.49 4.85 12.34 15.22 0.24 4.97 9.66 3.16 0.75 0.68 99.36
Hekla 1300 Profile 44
46.87 4.59 12.88 14.98 0.24 4.83 9.51 3.11 0.77 0.53 98.32
60.59 1.27 15.06 9.09 0.27 1.65 4.92 4.14 1.53 0.51 99.02
59.53 1.29 15.02 9.69 0.26 1.77 5.07 4.45 1.52 0.49 99.08
46.53 4.82 12.42 14.83 0.23 4.89 9.40 3.13 0.72 0.63 97.6
46.87 4.59 12.88 14.98 0.24 4.83 9.51 3.11 0.77 0.53 98.32
60.59 1.27 15.06 9.09 0.27 1.65 4.92 4.14 1.53 0.51 99.02
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
59.53 1.29 15.02 9.69 0.26 1.77 5.07 4.45 1.52 0.49 99.08
46.53 4.82 12.42 14.83 0.23 4.89 9.40 3.13 0.72 0.63 97.6
Katla 1357, Profile 44
47.29 4.79 12.36 15.06 0.24 4.95 9.52 3.11 0.69 0.74 98.74
46.13 4.78 12.82 14.90 0.23 4.94 9.67 3.19 0.72 0.73 98.12
46.54 4.74 12.42 14.81 0.23 4.86 9.42 3.21 0.77 0.74 97.74
46.21 4.73 12.58 15.31 0.24 4.74 9.63 3.14 0.78 0.73 98.08
47.99 4.78 12.52 14.78 0.24 5.05 9.67 3.22 0.80 0.72 99.77
46.36 4.78 12.60 14.98 0.25 5.07 9.45 3.18 0.70 0.71 98.08
47.09 4.78 12.53 14.54 0.23 4.92 9.56 3.16 0.79 0.72 98.32
47.39 4.74 12.55 14.78 0.24 4.99 9.51 3.11 0.77 0.78 98.84
46.14 4.72 12.61 14.92 0.24 4.91 9.65 3.14 0.77 0.73 97.84
46.54 4.76 12.60 14.99 0.24 4.91 9.48 3.08 0.78 0.72 98.09
Hekla 1389, Profile 179
58.13 1.89 13.14 11.44 0.33 2.19 5.35 4.13 1.70 0.82 99.11
58.40 1.90 13.23 11.74 0.31 1.97 5.21 3.50 1.75 0.80 98.81
57.49 1.78 13.74 10.86 0.30 2.35 5.5 3.43 1.56 0.74 97.75
49.22 1.92 13.42 12.65 0.22 6.73 11.48 2.29 0.24 0.17 98.34
57.52 1.78 13.98 11.44 0.33 2.51 5.56 3.77 1.65 0.76 99.3
57.61 1.82 13.33 11.70 0.32 2.42 5.55 3.46 1.62 0.76 98.6
Table C.4: Results of geochemical analyses for tephras AD 1400–1500
SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
Katla 1416, Profile 20
48.11 4.82 12.43 15.27 0.25 4.70 9.59 3.27 0.80 0.66 99.90
47.24 4.76 12.72 15.24 0.25 4.68 9.30 3.10 0.79 0.66 98.74
47.24 4.76 12.25 14.42 0.25 4.94 9.51 3.15 0.80 0.64 97.96
47.99 4.80 12.83 15.12 0.24 4.84 9.34 3.23 0.79 0.64 99.81
47.51 4.77 12.52 15.01 0.25 4.78 9.57 3.33 0.73 0.62 99.09
47.96 4.81 12.34 14.98 0.25 4.75 9.18 3.23 0.77 0.63 98.92
47.14 4.79 12.25 14.79 0.24 4.73 9.39 3.20 0.84 0.68 98.06
46.55 4.79 12.70 15.19 0.24 4.65 9.39 3.25 0.81 0.63 98.21
47.09 4.79 12.68 14.65 0.24 4.75 9.47 3.22 0.79 0.64 98.31
47.04 4.81 12.55 14.65 0.23 4.78 9.47 3.29 0.83 0.65 98.29
Katla 1416, Profile 49
46.58 4.69 11.75 14.62 0.26 4.61 9.15 3.07 0.73 0.75 96.20
48.74 3.14 12.86 14.37 0.22 5.31 9.64 2.83 0.45 0.36 97.91
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
46.76 4.72 12.47 14.35 0.25 4.79 9.21 3.12 0.75 0.71 97.13
46.43 4.72 12.48 14.62 0.25 4.75 9.50 3.14 0.77 0.71 97.37
46.68 4.41 13.12 14.81 0.21 5.50 10.22 2.84 0.63 0.44 98.87
47.60 4.72 12.49 14.33 0.25 4.72 9.18 3.13 0.70 0.74 97.85
47.98 4.77 12.39 14.76 0.24 4.63 9.48 3.14 0.74 0.73 98.88
47.94 4.61 12.56 14.85 0.25 4.65 9.31 3.23 0.86 0.79 99.05
46.51 4.88 12.49 15.04 0.24 4.77 9.84 3.29 0.71 0.62 98.39
47.79 4.72 12.67 15.02 0.24 4.75 9.38 3.16 0.74 0.74 99.21
Katla 1416, Profile 112
47.60 4.75 13.20 14.66 0.23 4.90 9.58 3.20 0.77 0.74 99.63
47.20 4.74 12.54 14.86 0.25 4.70 9.45 3.21 0.80 0.73 98.49
46.94 4.72 12.33 15.17 0.24 4.70 9.60 3.04 0.74 0.74 98.21
47.49 4.73 12.36 14.81 0.26 4.74 9.27 3.04 0.69 0.76 98.15
46.92 4.70 12.24 15.23 0.24 4.79 9.34 3.25 0.84 0.75 98.30
47.86 4.81 12.48 14.80 0.23 4.79 9.64 3.18 0.82 0.77 99.38
47.00 4.75 12.49 15.14 0.23 4.75 9.40 3.33 0.80 0.74 98.63
46.88 4.78 12.81 15.40 0.26 4.72 9.60 3.44 0.74 0.76 99.39
47.53 4.81 12.60 14.70 0.24 4.70 9.51 3.39 0.78 0.78 99.03
47.72 4.78 12.38 14.60 0.25 4.67 9.25 3.17 0.81 0.78 98.42
Katla 1416, Profile 179
46.80 4.88 12.63 14.49 0.25 4.94 9.26 3.17 0.85 0.52 97.78
47.24 4.84 12.70 14.35 0.26 4.73 9.31 3.16 0.83 0.53 97.94
46.60 4.88 12.41 14.74 0.25 4.91 9.46 3.19 0.83 0.50 97.77
47.47 4.88 12.61 14.28 0.26 4.74 9.51 3.16 0.86 0.52 98.27
46.94 4.88 12.46 14.71 0.27 4.92 9.43 3.12 0.81 0.53 98.07
47.19 4.87 12.07 14.54 0.24 4.95 9.81 3.16 0.75 0.52 98.09
47.20 4.87 12.55 14.70 0.23 4.78 9.53 3.16 0.82 0.51 98.37
46.63 4.88 12.39 14.69 0.24 4.87 9.52 3.25 0.80 0.52 97.78
47.07 4.85 12.60 14.65 0.26 4.81 9.47 3.21 0.76 0.51 98.18
47.17 4.87 12.26 14.67 0.25 4.96 9.40 3.29 0.79 0.54 98.18
Grímsvötn 1432±5, Profile 152
48.34 2.64 13.88 12.79 0.21 6.03 10.64 2.86 0.42 0.25 98.04
48.34 2.64 13.64 12.97 0.22 6.07 10.35 2.76 0.44 0.26 97.68
48.32 2.60 13.54 13.12 0.21 6.06 10.54 2.90 0.41 0.24 97.94
50.18 2.67 13.48 13.35 0.23 5.78 10.11 2.93 0.40 0.26 99.38
48.80 2.61 13.86 13.01 0.21 5.98 10.51 2.85 0.37 0.26 98.47
48.62 2.62 13.56 13.13 0.21 5.88 10.31 2.81 0.41 0.27 97.82
48.64 2.62 13.55 12.95 0.22 6.01 10.48 2.74 0.33 0.26 97.81
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
Grímsvötn 1432±5, Profile 87
50.13 2.65 13.35 12.77 0.21 6.12 10.23 2.81 0.40 0.29 98.95
49.89 2.76 13.18 13.08 0.23 5.82 10.39 2.84 0.36 0.28 98.82
49.11 2.61 13.27 12.49 0.21 6.10 10.44 2.86 0.32 0.27 97.66
49.25 2.61 13.19 12.99 0.21 5.75 10.49 2.80 0.33 0.26 97.87
49.33 2.66 13.31 12.63 0.21 5.82 10.47 2.75 0.34 0.27 97.80
49.82 2.66 13.41 12.90 0.22 6.06 10.31 2.74 0.34 0.27 98.72
49.73 2.65 13.17 12.90 0.22 6.03 10.80 2.64 0.33 0.28 98.76
49.45 2.64 13.64 12.74 0.21 6.04 10.51 2.75 0.38 0.25 98.62
50.02 2.63 13.70 12.71 0.22 5.90 10.50 2.71 0.35 0.27 99.03
49.98 2.66 13.47 12.66 0.23 6.03 10.28 2.56 0.38 0.27 98.52
Grímsvötn 1432±5, Profile 179
49.18 2.71 13.46 12.88 0.23 6.19 10.51 2.74 0.38 0.17 98.44
49.55 2.67 13.30 12.97 0.22 6.09 10.34 2.69 0.38 0.19 98.39
49.45 2.68 13.51 13.19 0.22 6.09 10.57 2.74 0.31 0.18 98.95
48.80 2.70 13.49 13.14 0.22 6.05 10.42 2.70 0.39 0.19 98.10
49.46 2.68 13.37 12.65 0.21 6.20 10.49 2.65 0.38 0.18 98.27
49.22 2.62 13.47 12.55 0.21 6.13 10.59 2.72 0.35 0.18 98.03
49.00 2.68 13.33 12.83 0.22 5.97 10.75 2.80 0.36 0.19 98.14
49.21 2.69 12.85 12.69 0.21 6.19 10.35 2.88 0.40 0.19 97.67
49.49 2.69 13.33 12.43 0.23 5.83 10.75 2.80 0.40 0.18 98.12
Grímsvötn 1457±5, Profile 152
50.06 2.99 13.11 14.60 0.25 5.64 10.03 2.93 0.45 0.26 100.32
50.68 2.58 13.27 13.00 0.21 5.72 10.05 2.74 0.49 0.25 98.99
49.19 2.95 12.60 13.90 0.24 5.39 9.41 2.79 0.42 0.28 97.18
49.49 2.77 13.14 13.23 0.21 5.85 9.95 2.81 0.46 0.26 98.19
49.51 2.76 12.63 13.63 0.23 5.76 9.94 2.91 0.42 0.27 98.05
49.11 2.66 13.13 12.80 0.22 5.84 10.36 2.79 0.34 0.25 97.52
49.12 2.63 13.53 13.01 0.21 5.91 10.42 2.57 0.41 0.23 98.04
49.50 2.78 12.79 13.92 0.22 5.64 10.19 2.77 0.41 0.26 98.48
49.28 2.63 13.08 12.66 0.22 5.94 10.08 2.88 0.42 0.23 97.42
49.57 2.60 12.85 13.07 0.23 5.97 10.19 2.66 0.36 0.24 97.75
Grímsvötn 1457±5, Profile 49
49.89 2.85 13.32 13.94 0.23 5.80 10.17 2.96 0.43 0.27 99.87
49.53 2.90 12.95 14.19 0.23 5.63 9.99 2.68 0.36 0.28 98.73
49.75 2.93 13.29 13.34 0.23 5.49 9.86 2.87 0.42 0.28 98.47
50.09 2.99 13.21 13.80 0.23 5.52 9.82 2.78 0.47 0.31 99.23
49.75 2.83 13.18 13.75 0.22 5.66 10.24 2.80 0.39 0.28 99.10
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
49.83 2.82 13.32 13.12 0.24 5.66 10.44 2.80 0.40 0.27 98.91
49.09 2.86 13.70 13.29 0.22 5.83 9.96 2.84 0.44 0.28 98.52
50.51 2.68 13.49 12.69 0.22 5.83 10.51 2.65 0.38 0.26 99.23
49.68 2.84 13.38 13.47 0.23 5.82 10.02 2.92 0.44 0.29 99.09
49.79 2.86 13.32 13.51 0.23 5.70 10.11 2.81 0.42 0.28 99.02
Grímsvötn 1457±5, Profile 20
49.27 2.64 13.24 12.63 0.22 5.87 10.40 2.73 0.41 0.26 97.68
49.14 2.67 13.60 13.31 0.23 5.94 10.47 2.73 0.37 0.28 98.75
49.39 2.58 13.54 12.77 0.22 6.14 10.46 2.91 0.34 0.26 98.62
48.92 2.65 13.28 12.95 0.22 5.96 10.42 2.79 0.39 0.27 97.85
48.93 2.91 13.44 14.00 0.22 5.67 10.02 2.95 0.50 0.29 98.94
48.80 2.85 13.23 13.18 0.24 5.53 10.12 2.81 0.41 0.29 97.47
48.75 2.94 13.07 13.85 0.23 5.59 9.90 2.82 0.44 0.31 97.90
50.11 3.07 13.19 14.21 0.23 5.34 9.78 3.03 0.39 0.32 99.68
Grímsvötn 1457±5, Profile 27
49.07 2.60 13.54 12.84 0.21 6.03 10.54 2.90 0.39 0.25 98.38
49.45 2.63 12.79 12.95 0.20 5.92 10.38 2.81 0.41 0.27 97.81
49.86 2.66 13.47 13.26 0.22 6.09 10.55 2.80 0.34 0.26 99.52
49.45 2.63 13.48 13.07 0.23 6.08 10.41 2.82 0.31 0.27 98.74
49.51 2.63 13.15 13.07 0.22 6.25 10.46 2.93 0.41 0.27 98.92
49.35 2.64 13.58 12.47 0.23 6.01 10.46 2.99 0.36 0.27 98.35
49.17 2.65 13.53 12.68 0.22 6.07 10.35 2.63 0.34 0.27 97.92
49.40 2.66 13.57 13.10 0.20 5.95 10.37 2.73 0.36 0.27 98.61
49.46 2.63 13.22 12.86 0.23 5.91 10.44 2.79 0.38 0.28 98.20
49.86 2.63 13.66 13.18 0.22 5.88 10.39 2.74 0.35 0.26 99.17
Grímsvötn 1457±5, Profile 56
49.49 2.89 12.96 13.67 0.22 5.67 10.33 2.80 0.39 0.30 98.72
50.09 2.83 13.03 13.45 0.22 5.75 10.22 2.83 0.43 0.28 99.13
48.74 2.66 13.07 12.97 0.21 6.10 10.61 2.90 0.37 0.29 97.92
49.18 2.79 13.67 13.49 0.23 5.72 10.38 2.80 0.38 0.28 98.90
50.04 3.06 13.18 14.27 0.23 5.29 9.84 2.88 0.44 0.33 99.54
50.59 2.68 13.35 12.42 0.21 5.88 10.62 2.73 0.30 0.28 99.07
50.03 2.63 13.32 12.70 0.20 5.48 10.14 2.95 0.48 0.29 98.22
49.84 2.70 13.30 12.82 0.22 5.73 10.33 2.74 0.35 0.30 98.32
49.77 2.85 13.00 13.99 0.23 5.48 10.15 2.76 0.44 0.32 98.98
49.52 2.68 13.20 12.99 0.23 5.89 10.39 2.90 0.40 0.27 98.48
Grímsvötn 1457±5, Profile112
49.35 1.80 15.26 10.50 0.18 7.84 11.97 2.32 0.21 0.16 99.58
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
49.66 2.67 13.79 12.90 0.22 5.98 10.37 2.81 0.36 0.29 99.05
49.23 2.96 13.12 14.09 0.26 5.49 9.96 2.89 0.45 0.32 98.76
49.98 2.75 13.21 13.11 0.23 5.91 10.41 2.88 0.42 0.29 99.18
50.31 2.67 13.36 13.09 0.22 5.87 10.36 2.79 0.34 0.28 99.28
49.85 2.69 13.28 12.94 0.20 6.00 10.32 2.75 0.44 0.28 98.74
49.72 2.98 13.12 13.74 0.24 5.43 9.93 2.78 0.44 0.32 98.69
49.36 2.66 13.57 13.06 0.22 5.92 10.37 2.70 0.39 0.28 98.53
50.04 2.83 13.66 13.65 0.23 5.68 10.12 2.88 0.35 0.28 99.71
49.94 2.68 13.51 13.10 0.22 5.99 10.45 2.79 0.34 0.27 99.28
Grímsvötn 1457±5, Profile 17
48.13 2.76 13.26 13.75 0.24 5.98 10.30 2.88 0.41 0.28 98.00
49.43 2.87 13.04 13.55 0.22 5.53 10.03 2.75 0.40 0.30 98.11
49.57 2.67 13.61 12.97 0.22 5.85 10.32 2.90 0.45 0.28 98.81
48.78 2.63 13.68 13.15 0.22 6.00 10.32 2.65 0.41 0.27 98.11
49.87 2.84 13.23 13.18 0.22 5.65 10.23 2.90 0.39 0.31 98.84
48.96 2.85 12.97 13.64 0.22 5.61 9.73 2.90 0.39 0.30 97.56
48.83 2.80 13.10 13.04 0.23 5.72 10.15 2.83 0.36 0.29 97.36
48.40 2.64 13.57 12.93 0.20 6.04 10.54 2.71 0.34 0.27 97.64
Grímsvötn 1457±5, Profile 87
49.15 2.65 13.39 13.17 0.22 6.09 10.29 2.83 0.41 0.26 98.47
49.49 2.78 13.28 13.43 0.23 5.93 10.37 2.67 0.38 0.28 98.83
48.47 2.99 12.86 14.34 0.26 5.44 9.54 2.84 0.45 0.32 97.5
48.14 2.59 13.13 12.58 0.21 6.04 10.55 2.73 0.36 0.27 96.60
49.66 2.88 13.35 13.89 0.22 5.42 10.35 2.90 0.42 0.31 99.39
49.32 2.80 12.81 12.95 0.24 5.64 10.34 2.86 0.38 0.30 97.66
50.53 2.67 13.61 12.73 0.20 5.87 10.44 2.84 0.40 0.25 99.56
49.39 2.70 13.16 13.12 0.21 5.84 10.72 2.73 0.34 0.27 98.47
50.16 2.65 13.14 12.86 0.23 6.04 10.51 2.81 0.38 0.27 99.03
49.80 2.66 13.61 13.12 0.22 5.91 10.46 2.74 0.37 0.25 99.14
49.63 2.81 13.27 13.18 0.23 5.88 10.38 2.82 0.36 0.24 98.79
49.36 2.92 13.02 13.46 0.22 5.69 10.13 2.84 0.41 0.29 98.35
Grimsvotn 1457±5, Profile 179
48.90 2.94 12.95 13.63 0.25 5.61 10.04 2.90 0.42 0.24 97.88
49.44 2.47 13.64 11.82 0.20 6.55 11.16 2.57 0.30 0.21 98.37
49.53 2.70 13.41 13.18 0.22 6.16 10.40 2.83 0.36 0.24 99.02
49.19 2.72 13.31 13.13 0.22 5.94 10.50 3.03 0.38 0.25 98.68
48.67 2.70 13.60 13.19 0.23 6.07 10.56 2.69 0.39 0.23 98.34
50.03 2.75 13.44 13.14 0.22 5.93 10.32 2.84 0.41 0.25 99.33
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
49.09 3.11 12.81 13.96 0.24 5.35 9.99 2.96 0.46 0.28 98.24
49.12 2.70 13.22 13.03 0.22 6.04 10.50 2.79 0.34 0.25 98.20
Veiðivötn 1477, Profile 17
49.53 2.11 12.76 13.63 0.24 6.16 11.22 2.46 0.23 0.16 98.49
49.39 2.19 12.86 13.89 0.25 6.27 11.10 2.47 0.22 0.18 98.84
49.69 2.17 12.85 13.51 0.24 6.04 10.90 2.59 0.23 0.17 98.39
50.26 2.15 13.10 13.46 0.24 6.12 11.42 2.53 0.25 0.16 99.69
50.60 2.12 13.11 13.50 0.24 6.07 11.23 2.46 0.26 0.16 99.75
Veiðivötn 1477, Profile 20
48.90 2.17 12.82 13.86 0.25 5.92 10.57 2.60 0.28 0.18 97.54
48.14 1.80 13.37 12.53 0.23 6.79 11.52 2.52 0.21 0.14 97.24
48.21 1.96 13.66 12.98 0.23 6.22 10.92 2.61 0.26 0.16 97.21
49.19 1.81 13.57 12.39 0.23 6.72 11.89 2.39 0.22 0.15 98.57
49.53 2.37 13.21 13.59 0.24 5.95 10.42 2.66 0.32 0.20 98.47
Veiðivötn 1477, Profile 179
49.12 1.90 13.69 12.61 0.24 6.50 11.43 2.45 0.23 0.16 98.34
48.90 1.92 13.65 12.72 0.22 6.50 11.46 2.41 0.23 0.15 98.16
49.05 2.02 13.59 12.86 0.24 6.13 11.15 2.51 0.20 0.15 97.92
48.90 1.44 14.02 11.64 0.22 7.46 12.65 2.16 0.14 0.10 98.71
49.38 1.89 13.65 12.37 0.22 6.64 11.42 2.48 0.22 0.15 98.41
49.75 1.89 13.18 12.82 0.24 6.53 11.17 2.49 0.24 0.15 98.46
49.26 2.01 12.92 13.28 0.23 6.19 11.00 2.42 0.25 0.16 97.72
49.57 1.74 14.51 11.40 0.18 7.68 12.39 2.31 0.19 0.15 100.12
50.13 2.14 12.44 14.38 0.25 6.01 10.81 2.55 0.34 0.17 99.21
50.15 1.94 13.52 13.13 0.22 6.27 11.07 2.48 0.23 0.17 99.20
49.33 1.85 13.53 12.30 0.22 6.61 11.28 2.41 0.22 0.16 97.93
Katla 1500, Profile 112
47.19 4.92 12.73 15.23 0.23 4.98 9.82 3.07 0.77 0.65 99.59
46.50 4.90 12.72 14.70 0.23 4.99 9.71 3.11 0.75 0.60 98.20
49.42 4.07 13.14 13.57 0.22 4.57 8.80 3.31 1.07 0.48 98.65
46.85 4.86 12.23 14.89 0.25 4.90 9.53 3.13 0.73 0.69 98.05
46.72 5.03 12.42 15.58 0.23 5.07 9.73 3.17 0.73 0.65 99.33
46.60 4.90 12.21 14.92 0.23 5.03 9.80 3.18 0.75 0.60 98.21
46.86 4.98 12.48 15.17 0.25 5.07 9.98 3.22 0.69 0.61 99.31
46.92 4.88 12.59 15.03 0.25 5.13 10.11 2.97 0.77 0.63 99.28
50.33 4.04 12.80 13.83 0.22 4.48 8.82 3.36 1.00 0.47 99.35
Katla 1500, Profile 152
45.82 5.03 12.51 15.42 0.26 4.90 9.87 3.09 0.68 0.66 98.24
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
47.38 4.87 12.50 15.06 0.24 5.08 9.92 3.05 0.69 0.61 99.40
46.87 4.89 12.21 15.39 0.26 4.57 9.41 3.19 0.86 0.75 98.41
46.93 4.87 12.78 14.97 0.25 5.09 9.69 3.17 0.72 0.69 99.16
46.40 4.91 12.88 14.82 0.25 5.29 9.63 3.14 0.70 0.64 98.65
46.70 5.03 12.30 15.72 0.26 4.83 9.52 3.06 0.73 0.66 98.82
46.31 4.84 12.60 15.25 0.24 5.11 9.46 3.06 0.74 0.69 98.29
47.06 4.92 12.35 15.06 0.24 5.06 9.88 2.88 0.71 0.66 98.82
46.33 4.93 12.42 15.04 0.24 5.02 9.94 2.95 0.70 0.64 98.20
46.95 5.05 12.34 15.59 0.24 5.02 9.69 3.12 0.76 0.62 99.39
Katla 1500, Profile 179
46.27 4.94 12.31 15.10 0.24 5.11 9.96 3.11 0.69 0.58 98.31
45.96 5.09 11.99 15.37 0.24 5.11 9.99 2.90 0.71 0.54 97.91
46.25 5.13 12.39 15.36 0.27 5.08 9.90 2.81 0.76 0.55 98.50
46.28 5.01 12.33 14.85 0.24 5.06 10.11 3.10 0.72 0.59 98.28
46.75 4.92 12.28 14.67 0.25 5.08 9.54 3.06 0.76 0.57 97.89
46.06 5.02 12.38 14.99 0.24 5.21 10.04 3.00 0.78 0.56 98.28
45.75 4.92 12.67 15.11 0.24 5.07 9.92 2.99 0.68 0.55 97.90
46.59 4.96 12.09 15.05 0.24 5.09 9.86 3.01 0.68 0.56 98.13
46.68 5.07 12.17 15.15 0.27 5.18 10.02 3.28 0.74 0.59 99.14
46.20 5.06 12.45 15.44 0.24 4.96 9.90 3.03 0.71 0.56 98.53
Table C.5: Results of geochemical analyses for tephras AD 1500–1918
SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
Hekla 1597, Profile 20
49.38 1.90 13.56 13.02 0.21 6.54 11.28 2.59 0.20 0.16 98.84
47.47 4.37 12.69 13.91 0.23 4.55 8.98 3.34 0.92 0.51 96.97
62.83 1.08 15.57 8.36 0.26 1.23 4.63 4.61 1.86 0.35 100.78
62.28 1.06 15.01 9.00 0.26 1.39 4.67 4.42 1.79 0.34 100.22
49.57 3.73 12.85 14.94 0.26 4.42 8.67 3.02 0.57 0.38 98.41
61.36 1.04 15.23 8.89 0.26 1.35 4.71 4.47 1.70 0.32 99.31
60.99 1.08 14.76 9.13 0.26 1.44 4.80 4.61 1.74 0.35 99.17
Hekla 1597, Profile 56 (Katla tephra)
47.13 4.72 13.18 14.62 0.22 4.89 9.74 3.26 0.71 0.77 99.24
47.14 4.73 12.69 15.25 0.22 4.99 9.67 3.13 0.73 0.79 99.33
47.37 4.83 12.31 14.63 0.25 4.85 9.62 3.11 0.85 0.80 98.62
47.59 4.75 12.34 14.59 0.24 4.76 9.51 3.13 0.66 0.75 98.30
47.83 4.73 12.53 14.82 0.24 4.96 9.42 3.36 0.70 0.77 99.35
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
46.57 4.73 12.22 14.67 0.24 4.99 9.27 3.07 0.70 0.75 97.20
46.86 4.73 12.80 14.81 0.25 4.90 9.56 3.19 0.82 0.79 98.71
46.92 4.73 12.84 14.25 0.25 4.88 9.67 3.21 0.78 0.80 98.33
46.83 4.68 12.61 14.90 0.25 4.83 9.43 3.12 0.81 0.79 98.24
47.12 4.71 12.43 14.88 0.24 4.87 9.65 3.10 0.82 0.79 98.62
Hekla 1597, Profile 179
45.80 4.70 12.70 14.43 0.23 5.15 10.35 2.90 0.63 0.40 97.29
59.95 1.23 15.25 8.51 0.26 1.56 5.23 4.72 1.43 0.43 98.57
59.49 1.32 14.53 9.59 0.25 1.71 4.98 4.15 1.77 0.47 98.25
59.35 1.38 13.83 9.80 0.27 1.84 4.87 4.09 1.74 0.52 97.70
59.03 1.35 14.62 10.01 0.28 1.89 5.00 4.23 1.89 0.50 98.79
61.63 1.06 15.48 8.62 0.25 1.33 4.79 4.43 1.78 0.33 99.70
59.76 1.28 15.11 9.31 0.27 1.63 5.45 4.53 1.36 0.47 99.18
60.21 1.34 14.63 9.44 0.29 1.83 5.04 4.24 1.70 0.50 99.24
Katla 1625, Profile 20
45.66 4.76 12.25 15.05 0.24 4.99 9.58 3.38 0.82 0.84 97.57
46.57 4.75 12.46 14.78 0.24 4.87 9.61 3.08 0.67 0.78 97.83
46.21 4.77 12.71 14.85 0.25 4.97 9.82 3.17 0.75 0.82 98.32
47.27 4.74 12.47 14.52 0.24 5.09 9.68 3.21 0.80 0.81 98.82
46.17 4.76 12.49 15.37 0.26 4.96 9.60 3.21 0.75 0.78 98.34
45.97 4.74 12.70 14.55 0.25 4.94 9.55 3.20 0.72 0.82 97.44
47.03 4.84 12.29 14.89 0.25 4.90 9.69 3.05 0.73 0.68 98.35
47.21 4.74 12.85 14.97 0.23 4.94 9.62 3.06 0.78 0.80 99.20
47.04 4.71 12.29 14.91 0.23 4.91 9.76 3.00 0.72 0.86 98.42
47.05 4.77 12.40 15.17 0.23 4.85 9.43 3.25 0.72 0.77 98.64
Katla 1755, Profile 20
46.89 4.72 12.46 15.05 0.24 4.98 9.57 3.03 0.76 0.66 98.37
46.58 4.71 12.46 14.94 0.25 5.06 9.46 3.21 0.70 0.64 98.00
45.14 4.68 12.51 14.74 0.25 5.00 9.37 3.11 0.70 0.65 96.15
46.28 4.69 12.79 14.96 0.24 4.97 9.60 3.19 0.68 0.63 98.04
45.21 4.69 12.57 14.26 0.23 4.97 9.56 3.11 0.69 0.67 95.96
45.62 4.66 12.63 15.13 0.26 5.04 9.13 3.17 0.67 0.65 96.95
45.62 4.63 12.88 14.61 0.24 4.91 9.52 3.16 0.75 0.63 96.95
45.52 4.67 12.49 15.00 0.24 4.90 9.39 3.14 0.72 0.67 96.73
46.42 4.66 13.04 14.61 0.24 4.98 9.65 3.06 0.79 0.65 98.10
46.24 4.69 12.55 14.41 0.23 4.92 9.67 3.14 0.79 0.61 97.25
Hekla 1845, Profile 17
59.06 1.26 14.71 9.35 0.26 1.76 5.18 4.35 1.61 0.54 98.09
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total
60.44 1.19 14.98 8.96 0.25 1.64 5.25 4.44 1.53 0.46 99.13
61.11 1.18 15.40 8.87 0.25 1.68 5.07 4.39 1.54 0.46 99.94
48.8 1.89 13.34 12.57 0.23 6.76 11.34 2.44 0.23 0.18 97.77
59.73 1.22 15.46 9.09 0.25 1.71 5.31 4.39 1.52 0.50 99.18
Hekla 1845, Profile 20
49.10 1.80 14.01 12.38 0.21 6.60 11.51 2.50 0.18 0.17 98.46
48.69 1.97 13.23 13.59 0.21 6.27 11.21 2.40 0.23 0.18 97.98
49.61 1.82 13.88 12.38 0.22 6.58 11.58 2.49 0.21 0.17 98.94
48.81 1.79 14.02 12.30 0.21 6.64 11.29 2.34 0.20 0.15 97.76
49.73 1.91 13.75 12.84 0.22 6.46 11.26 2.33 0.23 0.19 98.93
60.73 1.18 15.36 8.87 0.25 1.56 5.19 4.52 1.84 0.45 99.95
61.04 1.12 15.28 8.68 0.24 1.51 4.93 4.38 1.54 0.43 99.15
Katla 1918, Profile 20
46.55 4.78 12.33 14.97 0.23 4.95 9.46 2.97 0.79 0.51 97.55
47.27 4.64 12.74 14.80 0.22 4.78 9.50 3.15 0.78 0.54 98.42
47.43 4.68 12.70 14.78 0.24 4.96 9.21 3.22 0.81 0.73 98.74
46.86 4.65 12.65 14.50 0.23 4.86 9.61 3.19 0.74 0.53 97.84
47.11 4.68 12.65 14.90 0.24 4.86 9.62 3.18 0.75 0.70 98.70
47.50 4.62 12.52 14.98 0.25 4.85 9.68 3.07 0.70 0.66 98.83
46.46 4.66 12.69 14.42 0.24 4.70 9.44 3.30 0.81 0.72 97.45
47.54 4.73 13.04 14.87 0.23 4.81 9.55 3.16 0.78 0.51 99.22
47.31 4.63 13.23 14.96 0.23 4.97 9.64 2.64 0.81 0.68 99.10
46.41 4.58 13.00 14.83 0.23 4.86 9.37 3.16 0.81 0.71 97.96
Appendix D
Sediment accumulation data for
profiles
Full sediment accumulation data for profiles is provided here. Profiles are
grouped as they are presented in Chapter 5. Black bars along the x axis
indicates periods where there was indication of reworking in the profiles
Section 5.3.2, on page 92 identified three major ‘types’ of stratigraphic
section. Here further examples of each type are identified, Table D.1
Table D.1: Examples of different stratigraphic sections types
Section characteristics Profile Numbers
(a) Upland sections, above altitude of 300
m. SeAR rates are highest immediately after
Landnám, before declining
72, 73, 74, 75, 77, 79,
78, 83, 80, 81
(b) Sections below 300 m, type A. These sec-
tions have high SeAR prior to AD 1262, be-
fore declining to post-Landnám mean levels.
The, from around AD 1625 onwards SeARs
increase, often to above 2 mm yr−1. This is
interpreted as being close to active erosion
fronts.
145, 151, 152, 148,
155, 95, 139, 138, 197,
128, 165, 119, 121,
120, 65, 57
(c) Sections below 300 m, type B. These have
the same pattern of SeAR as type A until
the after AD 1625. These profiles have no
systematic increase in SeAR, and show vari-
ations around the mean value until K 1918.
Many of these sections were
180, 181, 184, 185,
187, 189, 190, 183,
197, 198, 192, 193,
186
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Figure D.1: Area 1 Profiles
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Figure D.2: Area 1 Profiles
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Figure D.3: Area 1 Profiles
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Figure D.4: Area 1 Profiles
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Figure D.5: Area 1 Profiles
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Figure D.6: Area 1 Profiles
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Figure D.7: Area 1 Profiles
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Figure D.8: Area 1 Profiles
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Figure D.9: Area 1 Profiles
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Figure D.10: Area 2 Profiles
APPENDIX D. SEDIMENT ACCUMULATION DATA FOR PROFILES 197








































































































Figure D.11: Area 2 Profiles
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Figure D.12: Area 2 Profiles
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Figure D.13: Area 2 Profiles
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Figure D.14: Area 2 Profiles
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Figure D.15: Area 2 Profiles
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Figure D.16: Area 3 Profiles
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Figure D.17: Area 3 Profiles
APPENDIX D. SEDIMENT ACCUMULATION DATA FOR PROFILES 204
























































Figure D.18: Area 3 Profiles
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Figure D.19: Area 3 Profiles
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Figure D.20: Area 3 Profiles
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Figure D.21: Area 3 Profiles
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Figure D.22: Area 3 Profiles
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Figure D.23: Area 3 Profiles
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Figure D.24: Area 4 Profiles
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Figure D.25: Area 4 Profiles
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Figure D.26: Area 4 Profiles
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Figure D.27: Area 4 Profiles
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Figure D.28: Area 4 Profiles
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Figure D.29: Area 4 Profiles
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Figure D.30: Area 4 Profiles
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